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THE EFFECT OF ALUMINUM ADDITIONS 
TO MILD-STEEL WELD METAL 


Aluminized steel electrodes for gas-shielded welding processes 


found lo have a number of advantages over bare and copper-flashed 


electrodes containing the normal amount of deoxridizers 


BY CRAIG R. SIBLEY 


ABSTRACT. The mild low-alloy 
steel electrodes presently used in gas- 
shielded are welding are usually supplied 
with a bright-bare or copper-flashed sur 
face. When these finishes are replaced 
by a particular coating of aluminum or 
aluminum-silicon alloy, two of the advan- 
tages which are achieved are improved 
corrosion resistance of the bs mom dur- 
ing storage and elimination of weld-metal 
porosity because a large amount of alumi- 
num can be made available for deoxidation 

Four samples of aluminum-coated stee! 
wire welding electrodes were prepared for 
evaluation and comparison with bare and 
copper-flashed electrodes. These alumi- 
nized electrodes can be fed through stand- 
ard manual or automatic welding equip- 
ment which is adapted for steel applica- 
tions 

The results indicate that aluminized- 
steel electrodes have an advantage over 
bare and copper-flashed electrodes Con 
taining the normal amount of deoxidizers 
in the reduction of weld-metal porosity, 
especially in plug type deposits, In addi- 
tion, the aluminized electrodes produce 
less spatter and better fillet-wek 
than bare and copper-flashed eletrodes 
when carbon dioxide shielding is used 
The aluminized electrodes developed less 
notch toughness in the asoaiied metal 
the fracture-transition temperature was 
increased above that of deposits made 
with bare and copper-flashed wire 

Rather large amounts of metallic alumi- 
num were recovered in the weld metal with 
all the aluminized electrodes tested, and it 
is felt that such amounts of alloyed alumi- 
num are beyond the range where decided 


shape 
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benefit to the mechanical 
specifically impact strength 


exper te d 


propertie 
might be 


Introduction 

The bare and copper-flashed steel ele 
trodes currently used in gas-shielded 
welding processes are usually deoxidized 
with silicon and/or aluminum, and the 
finished wire generally contains a gen 
erous amount of residual deoxidizers 
On occasion, weld metal porosity is en 
countered with these electrodes, which 
is believed to be caused by a lack of 
available deoxidizers It has been 
discovered that a particular aluminum- 
coated steel wire eliminates or controls 
the formation of porosit in steel weld 
metal and this invention is embodied in 
A recent 


arti le deseribes one method lor coating 


a pending patent application 


in order to obtain a uniform continuous 
coating of abhimunum 

Although either silicon or aluminum 
can be used to control porosity arising 
from the rimming reaction, only alum 
inum would be able to reduce nitrogen 


porosit because it forms a stable nitric 


retained in steel upon 
Nitrogen 


sults from nitrogen pickup from at 


which can be 
solidification porosit re- 
entrained in the shielding gas or from 
au entrapped im certain jomt types 
The tolerance limit for nitrogen in the 
deposit made with the aluminized elec- 
trode could reduce the amount of gas 
necessary to shield the weld. However, 
too much nitrogen pickup is undesirable 
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because aluminum nitride hardens and 
embrittles steel and results in inferior 
weld metal properties 

Other effects result by the use of 
aluminum coated electrode the effec- 
tive weld-metal fluidity is de 


cause an aluminum oxide skin forms on 


reu ec 


the surface of the deposit to prevent 
vetting and good corrosion resistance 1s 
provided during storage 

itings 


Samples of various aluminum ¢o 


were placed on a mild-ster velding 
quality core wire by a hot dipping tech 
nique The effect of these co 


the electrode 


itings on 
welding characteristics 
ind the mechanical properties of the 
weld metal were investigated and the 
results of this investigation re pre 


sented herein 


Electrodes 


The mild-steel wire use 
electrode 
estigation Was obtained tron 


the foll 


0 027 

0 020 

0 45 

OO4 
Alumina, 013 


This wire, with a bright-bare finish 
was used as a reference electrode (elec- 
trode | 
by the aluminum coating The coated 


to measure the changes caused 
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electrodes were prepared by hot dipping 
in either aluminum or an aluminum- 
silicon alloy. The coatings on these 
electrodes were reported as follows 


Electrode 2—Al-3% alloy, 0.19 
on/ my ft 
Kleetrode 3 
it 
Keleetrode 4 
Klectrode 5b 
on/ my ft 


Al-3%, Si alloy, 0.21 


Pure Al, 0.22 oz/aq ft 
Al-3% Si alloy, 0.21 


Kach electrode was finished to an 
approximate diameter of 0.093 in. and 
supplied in coil form. 

Klectrode 1, the bare wire, was hard 
drawn to finish size of 0.093 in. using 
a water-soluble soap lubricant with 
residual jubricant removed by steam 
cleaning. 

Electrode 2 was representative of a 
thinner coating of aluminum-3% silicon 
alloy drawn 32% after coating to 
finish size of 0.003 in. A water-soluble 
lubricant and cleaning were 
used, 

Klectrode 3 was coated with an 
aluminum-3% silicon alloy at 0.093 in. 


steam 


size and shipped as coated; there was 
no sizing draft 

Klectrode 4 was coated at 0.095 in. 
size with pure aluminum and drawn 
6% by sizing to 0.092 in. A water- 
soluble lubricant followed by steam 
cleaning was used 

Electrode 5b was coated at 0.095 in. 
size with an aluminum-3% silicon alloy 
and drawn a light sizing draft to 0.093 in. 
in oi] and was not cleaned after sizing. 


Procedure 

During the first portion of this in- 
vestigation, an evaluation was made of 
the effect of aluminum-coated steel wire 
on weld-metal soundness, Bead welds 
were deposited on '/,-in, rimmed and 
killed-steel plates having surfaces that 
were either oxidized, sandblasted or 


Table |—-Porosity Count Taken on Bead Welds 


Plate Condition 


Electrode 
2 3 


Welding speed, 10 ipm 


Rimmed 
Scale 
Ground 
Sandblast 
Killed 
Seale 
Ground 
Sandblast 
Killed 
Heavy oxide 
Heavy + grease 
Heavy + paint 


Welding speed, 30 ipm 


Rimmed 
Scale 
Ground 
Sandblast 
Killed 
Scale 
Ground 
Sandblast 
Killed 
Heavy oxide 
Heavy + grease 
Heavy + paint 


2 
2 


6 
8 


ground. Killed-steel plates, */, in., 
also were used, having surfaces coated 
with iron oxide, paint or grease. The 
welds were made with the five 0.093- 
in. diam electrodes at two weld- 
ing speeds, 10 ipm to represent a 
typical manual operation with a large 
molten pool and 30 ipm to represent 
mechanized welding in which rapid 
freezing of the molten pool occurs. 
Reverse-polarity direct current of 420 
440 amp and pure argon shielding were 
used. Pure argon was selected as the 
shielding gas to eliminate possible con- 
fusion in the results arising from the 
composition of the shield gas. It is 


PLATE SURFACE CONDITION 


known that oxygen addition to argon 
tends to eliminate bead irregularities, 
which are noted on some surfaces when 
pure argon shielding is used. 

The bead welds were radiographed to 
2% sensitivity, and the number of 
holes occurring in each bead were 
counted, Typical bead weld surfaces 
and etched cross sections of the deposits 
were examined to determine uniformity 
of the deposit and the presence of under- 
cutting. 

Plug welds also served to evaluate the 
relative ability of bare and aluminum- 
coated electrodes to produce sound 
weld metal in an argon shield. A 
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2 3 
ALUMINUM CONTENTS 


Plot of mean number of porosity defects vs. aluminum contents and plate surfaces 
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Sandblasted surface 


Fig. 2 


drilled 
and the 


backing 


diameter was 
thick plate 
deposit was made with a steel 


hole l'/, in in 
through a 1'/,-in 
by rotating the plate without interrupt- 
ing the are until the hole was filled 

To provide weld-metal specimens for 
all weld- 


metal deposits from each electrode were 


mechanical property testing 


made in |-in. plate having a groove with 
a 45-deg included angle and a -in 


root opening. Tensile properties in the 


as-welded and furnace stress-relieved 
(1150° F for 1 hr) conditions were 
obtained from 0.505-in. weld-metal 


tensile bars. Transverse Charpy-typ 
impact specimens were machined from 
each deposit with an Izod notch centered 
in the weld metal. Impact testing of 
as-welded specimens was conducted over 
a range of temperature so that the frac- 
ture-transition and ductility-transition 
behavior could be observed 
Metallographic 


weld 


the 


electrode Was 


examination ol 


metal from each 


made on as-polished and etched surfaces 
to determine the amount of nonmetalli 


inclusions and the characteristic macro- 


structure and microstructure of each 
deposit 
Carbon-dioxide shielding also was 


used to make all-weld-metal deposits 


and these results were compared to those 


irgon shielding described 


the «a 


»btained with 
Two ol 


trodes were selected 


above luminized eles 
is representative to 


limit the production of samples 


Results of Bead Weld Tests 
Soundness 

Despite the fact that widely varying 
conditions of plate surface were 
the tests, the 


porosity were only minor 


bead weld iriations in 


The number 


of holes present in each of the bead 


weld deposits is listed in Table 1.  Sinee 
the significance of the data illustrated in 


1956 


10 ipm 


Table 1 is not readil 
test data were treated 
factorial experiment 


ANALYSIS Of variance cot 


Phe 


difference being ¢ 


indicates 
talbli 


exist is 


in ily sis 


not actually 

The results of this 
that in these tests ¢ 
varied significantly in 
Mlectrode | 


hetwe 


uncoated 


variation exists 


Scaled plate surface 


Bare-electrode bead-we'd deposits at 10 and 30 ipm on scaled and sandblasted surfaces 


ipparent, these $4, and 5b A plo 
statistically as a values of the mui 
for which an fects for the vat 


ild be determined tent id =plats 
that the risk of a 


shed when it does 


mince 
heantiy different 
experiment show was necessary t 
Klectrode 2 
porosity from the trode | 
No significant duction in porosi 
Klectrodes | byy the 


mily inized electrode 


ind is tliustrats 
itise Onl 
rom 


cotnpare 


to determun 


vddition 


10 ipm 


e condition 
din big. | 
trode 


the 


vas brought 
The results 


p rrosity 


eleetrode 


of the column mean 
her of 


was signi- 

1, it 
alum- 
group with Elee- 
iwniheant re- 


about 


Plate condition 
Rimmed 
Scale 
Ground 
Sandblast 
Killed 
ale 
(;round 
Sandblast 
Killed 


Heavy oxide 


Table 2.-Appearance of Bead Welds 
Elect 
l 2 


ip 


ode 


Heavy grease (h 


Rimmed 


Ground 


Nahle Vild 


even bead shape Uneven bead sh 


| Weld Metal 


Hurmped 


de- 
cone 


30 ipm 30 ipm 
5 
Heavy + paint (i 
ipm 
) ‘ 
Bandbiast ‘ 
Killed 
Sandblast 4.4 4 
Killed 
Heavy oxide y 
Heavy + grease (h 
Heavy + paint (i 5,8 


Scaled Plate Surface 


Sandblasted Surface 


Fig. 3 Aluminized-electrode bead-weld deposits at 10 and 30 ipm on scaled and sandblasted surfaces 


of this comparison indicate a significant 
Variation in between the 
aluminized and bare electrodes 
the mean 


porosity defects for cleaned plates were 


porosits 
Since 


values of the number of 


much higher than for sealed plates, as 
shown in Fig. 1, the two types of plates 
were considered together, and a signifi- 
cant variation was found between 
cleaned and plate. Another 
question arising from the data concerned 


scaled 


the ability of the aluminized wire to re- 
plate 
Analysis proved that a significant varia 


duce porosity on the cleaned 


tion between the aluminum-coated and 
bare wires only exists in the case of 
sealed plate 

Since with all the electrodes less 
porosity was found in welds made on 
scaled plate, iron oxide on the plate sur- 
face is evidently beneficial, as is the case 
with a shield of arzwon containing oxygen 
If a shield of argon containing oxygen 


Further, it is evident that the porosity of 
the bead welds on the cleaned plates 
could be lowered by adding oxygen to 
the shield gas. 


Shape 

The surface appearance of bead welds 
was affected by the presence of the 
aluminum coating on the electrode as 
well as seale or other contaminants on 
the plate surface. An appraisal of each 
bead weld for undereut and shape ap- 
pears in Table 2, Typical bead weld 
deposits made with the bare electrode at 
the two welding speeds on scaled and 
sandblasted plate surfaces are 
in Fig, 2 

The argon-shielded ar 
deep, uniform crater on the sealed sur- 
face which ahead of the 
deposit and was particularly evident 
with the 30 ipm welding speed. Serious 
undereut develops at this travel speed, 


shown 


formed a 


ady anced 


metal present to fill out the crater de- 
thought that 
quate weld metal exists for this condi 


pression. The inade- 
tion of welding stems from the fact that 
quality deposits have been made using 
a 0.0625-in. electrode with about 350 
amp, Which results in a higher melting 
rate than that obtained with the 0.093- 
in. electrode deposit described herein 
Also, the magnitude of the current 
affects the geometry of the crater de- 
pression. similar 
countered at the 10 ipm travel speed, 
but the larger molten pool 
fluid longer and permits uniform filling 
of the crater, thus virtually eliminating 
undercut. 

A wide sputtered area formed on the 
sandblast surface, and a depression 0+ 
curred only directly below the arc. At 
a welding speed of 30 ipm, the bead weld 
varied in width without forming appre- 
ciable undercut; at 10 ipm, the weld 


crater was en 


since either the weld metal solidifies metal wetted a large portion of the 


too rapidly or there is inadequate weld 


had been used, this difference in porosity 


probably would not have oecurred sputtered area. The cross section of 


Table 3—All-Weld-Metal Tensile Test Results * 


{rgon 

Furnace Streas Relieved (11450° 

Tensile Elongation Reduction Vield Tensile Elongation Reduction 

Klectrode strength, in 2in., of area, strength, strength, in 21n., 

No par pat ly pe pat ly pe 
70,000 81,750 70, 300 32.0 0 
200 82, 200 76,750 25.0 52.0 
62,800 78,500 72,700 31.0 66.6 
59, 400 76,500 60, 800 32.0 65 2 
6, 750 75,000 71,500 31.0 67.7 


is-welded 
Vield 
strength Fracture 


Fracture of area, 


( ‘up cone 
Shear 


( ‘up com 


Cup con 
Shear 
Shear 
Cup-cone 
Shear 


up-come 
( ‘up om 


(‘arbon dioxide 


welded 
Yield Tensile Klongation Reduction 

Klectrode strength, strength, in 2in., of area, Fracture 

Vo pat par type 
2 63,200 75,300 24.0 “0 
65, 600 76, 100 26.0 59.0 

* 0.505-in. tensile specimens 


Cup-cone 
Cup-cone 


multipass deposits in l-in. plate; 0.095-in. electrodes; average of two specimens. 
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i 30 ipm 10 ipm 30 ipm 10 ipm 
) 
att 
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the bead weld reveals a lack of symmetry 
resulting from uneven wetting. The 
improved ability of the molten metal 
to wet the sputtered surface resulted in a 
greater flow of metal away from the 
weld centerline and a consequent re- 
duction in reinforcement 

The are is affected by oxides on the 
plate surface due to changes in the 
emissive phenomenon at this surface 
when oxides are present. Oxide films 
on the molten weld metal alter the 
wetting characteristics, which prevent 
the deposit spreading out. In the 
absence of surface films, as in the case of 
the deposits made on cleaned surfaces 
with Electrode 1, the weld metal ex 
hibits better fluidity, thus minimizing 
undereut and skipping. The humping 
of the deposits made on the cleaned 
rimmed plate with Electrode 1 at the 
30 ipm welding speed is unique to this 
condition and probably results from a 
number of effects, including are action 
and weld-metal fluidits 

4 bead weld of symmetrical cross 
section could be deposited on the 
cleaned plate if a small percentage of 
oxygen were mixed with the argon to 
form iron oxide on the plate surface 


Sample No. 1, 0.01% Al 


Fig. 4 Typical microstructures 
of multipass deposits 
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minimizing wide sputtering 

Bead welds deposited with an alum- 
inum-coated steel electrode are shown 
in Fig. 3. These deposits have char- 
acteristics similar to those of the bare- 
wire deposits, except that the poorer 
weld-metal fluidity caused undercutting 
on the sealed surface at both welding 
speeds 
Undercut 

The data of Table 2 clearly outline 
the effects of surface oxides and con- 
tamination on bead weld undercutting 
Undercut is affected by the arc action on 
ind the wettability of 


If the are forms a wide 


the plate surface 
the weld metal 

gouge on the plate surface, as occurred 
with the sealed surfaces, the weld metal 
must have excellent fluidity and wetta 
is to be filled. On the 


if the are action covers a 


bility if the gouge 
other hand 
large area of plate surface, as occurred 
the weld meta! 


with the cleaned surfaces 
does not have to fill a wide gouge, and 
undercut is minimized The pro 


nounced undercutting that occurs with 
the aluminum-coated electrodes at the 
10 ipm welding speed strongly indicates 


that the slag formed on these deposit 


increases the surface tension of the weld 
~~. 
v » 
4 
ae 
. > 
P 
3 
«A 
‘ 


-- Pan ~ 

f, 


> 

Sampie No. 4, 1.06% Al 
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metal Chis difference in undercutting 
between the bare and aluminized elec- 
trodes does not exist at the 30 ipm weld- 
ing speed, where undercutting oecurred 
on all surfaces that were not cleaned. 
Che complete absence of undercutting on 
cleaned surfaces at the 30 ipm welding 
speed for all five electrodes demonstrates 
the dominating effect of the plate sur- 
it’ this Bead 
undereut had 


face condition speed 
welds which were not 
ind at the high welding 


to being humped 


uneven shapes 


speed the were pron 


or diseontinuou lhe unevenly shaped 
beads had good weld metal fluidity, but 
wet the plate surface irregularly. The 
discontinuity of a bead weld resulted 
from an oxide build-up on the surface, 


which caused intermittent skips to 
occur The phenomenon of head weld 
humping occurs during the formation 
of the bead and is undoubtedly affected 
by surface oxides on the plate as well 
as are characteristy ind) weld-metal 


fluiclit 


Results of Weld Metal Tests 


Viechanical test result were obtained 


from multipas leposits made in an 


ingon atmosphere with each of the five 


” q 
>» 


Sample No. 3, 1.53% Al 


£1 
4 
ef 


Sample No. 5b, 1.65% Al 


; 

‘ by 4 | “< i 

Sample No. 2, 1.26% Al 


1.06% Al 


1.65% Al 


Fig. 5 Typical macrostructures of multipass deposits 


electrodes. Two electrodes also were 
tested in a shield of carbon dioxide. The 
deposits were produced by machine 
welding with current, number of passes 
and welding speed being held as con- 
No pre- 


heating was used, and the deposits were 


stant as possible throughout 


air-cooled between passes to maintain an 
interpass temperature below 150° F. 
Tensile test data are summarized in 
Table 3 for both the as-welded and fur- 
nace stress-relieved deposits made in 
argon and the as-welded deposits made 
in carbon dioxide. From the as-welded 
results for the argon-shielded deposits 
it is evident that Eleetrode | has the 
best ductility and that the presence of 
aluminum coating lowers the ductility 


and yield strength. Furnace stress- 
relieving the weld metal at 1150° F 
lowers the tensile and yield strengths 
but inereases the ductility. All of 
the deposits in the as-welded condition 
meet the tensile requirements of the 
AWS specifications for elec- 
trodes. The only deposit meeting the 
filler metal requirement of the AWS 
specification for E70XX electrodes is 
Electrode 2. Carbon-dioxide shielding 
definitely increases the  as-welded 
ductility of the weld metal above 
the values obtained for argon. The dif- 
ferences in the vield and tensile strengths 
of the various deposits are much greater 
with argon shielding than with carbon 
dioxide. The greatest difference oc- 


2.60% Al 


curred with Electrode 4, which has a 
higher vield strength with 
dioxide than with argon shielding. 
The microstructure of a typical area 
of each argon-shielded deposit as seen 
at 500 & is shown in Fig. 4. Pro- 
nounced variations in the microstructure 


carbon 


result from the various amounts of 
metallic aluminum present in the de- 
posits. The deposits containing the 
most aluminum exhibit a coarsening of 
the dendritic grains. The photomacro- 
graphs of Fig. 5 illustrate 
growth best since the entire dendrites 
To further illustrate this 
grain coarsening effect of aluminum, the 


structure of a deposit containing 2.6°; 


this grain 


are visible. 


Sample No. | 


Sample No. 2 


Fig. 6 Relative amounts of nonmetallic 
inclusions in argon-shielded multipass 
deposits X 100 


Somple No. 4 Sample No, 5b 
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0.01% Al 1.26% Al 1.53% Al 
Sample No. 3 


whi h 


heavily-aluminum-coated wire in- 


aluminum was made from a 


eluded in Fig. 5 
multi 


contained 
but the 


mass deposit 
lavers of coarse and fine grains 
relative amounts of coarse and fine 
grains \ aried In general the alloying 
of aluminum caused a widening of the 
coarse-grained the deposits 
The stress-relieved deposits had micro 
with 
the exception of some carbide spheroid- 


regions in 
structures similar to the as-welded 
The relative amounts of non- 


ization 


metallic inclusions in each multipass 
deposit are shown in Fig. 6 

Since the behavior of steels in impact 
affected by 


microstructural changes 


testing is grain size and 
one would ex- 
pect @ vanation in impact perlormance 
for the structures shown in F ws. 4 and 5 
A summary of the impact testing data 
obtained from as-welded samples of the 
five deposits appears in Fig. 7, where the 
absorbed energy is plotted against the 
temperature of testing. The variations 


exhibited are generally in accord with 
expected from the 
present in the deposits. In 


evaluate the alloying effect of aluminum 


those structures 


order to 
on the impact px rformance, each struc 
to be standardized in 
heat treatment 
interest 
welding 


ture would have 
grain size through 
Such an evaluation is not of 


here since the conditions of 
are subject to change, and the resultant 
deposit structure would be affected by 
these changes. 

ductility in the tensile 


stress-relieving 


Since the 
tests 
the deposits 


was increased by 
a few exploratory checks 
were made to see if the impact perform- 
The results of these tests 


variation in impact strength 


ance changed 
indicated no 
due to stress relieving Likewise, no 
improvement In IM pac performance was 
when carbon dioxide replaced 
s the 

The data of Fig. 7 apply to one condi 
tion of welding, and these could 
altered by 


and 


noted 
argon a shield gas 

results 
certainly be aniations mn 


welding procedures techniques 
The data for the argon-shielded deposits 
indicate that the allo 


in mild steel weld metal in the range of 


ing of aluminum 
1.06 to 1.650% causes the impact transi 
| 


tion to shift toward higher temperatures 
Its action duplicates that of phosphorus 


Bore electrode 


—80 0 


MULTIPA 


0.093 


TEMPERATURE, °F 


Fig. 7 Summary plot of impact test results 


in wrought steels, since the uppet 


absorption values 


addition 


lowe! energy 


greath\ In 


and 
do not change 
the data 


transition 


indicate sharp variations in 


temperature lor small 


aluminum content within 


s tested 


changes in 


the range of allo 


Results of Plug Weld Tests 


The pronounced difference in porosity 


of plug welds made with bare and alum 


inized electrode is shown in liv 


The two 


small detects ¢ 


deposit from the aluminized wire are 


eaused by lack of fusion, a condition 


common to multipass alum 
Prior to establish 


purged with 


which was 
inized wire deposits 
ing the are 

ingon in an attem 0 exclude the 


The heavy por 


pare wire depo if 


produced 
wlieved to 
ir entering the 
hield. Due to a fault in the 
part of the ga over the plate 
at the start, which gave a 
As the hole 


ibility of entram 


resulted from 
setup 
WHS 
cond 
tion of possible turbulence 
became filled, the po 


ing air in the shield diminished, since the 


Fig. 8 Plug welds: bare wire vs. aluminized wire 
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Fig. 9 Photomicrograph 
of nitride needles 


of nitrogen in steel, whether as a gas or in 
generally alters ad- 
versely its mechanical properties 


combined form, 


Discussion 

Since the use of 
stee! electrodes could cause mechanical 
difficulties in feeding, such as those en- 


aluminum-coated 


countered in aluminum welding, the 
ability to feed these electrodes through 
standard welding equipment was eval- 
uated 

During the production of the bead 
welds and multipass deposits for me- 
chanical testing, approximately 30 Ib of 
each of the 0.003-in. electrodes were fed 
through automatic welding equipment 
without difficulty. Two of the 0.093-in 
No. 2 and No. 4, were fed 
through adapted 
for heavy~luty steel welding and having 
a serrated drive roll. A’ continuous 
welding are was maintained for five 


electrodes, 
manual equipment 


minutes as a feeding test 

The conclusion resulting from the 
feeding, tests is that aluminized elec- 
trodes of the types tested can be fed 
through automatic and manual welding 
equipment adapted for steel electrodes 


Summary 


The aluminume-coated steel wires used 
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in this investigation were processed to 
welding electrodes by various coating 
and drawing techniques. Data were 
obtained with these electrodes to 
evaluate their performance in welding 
over # range of applications character- 
istic Of welding steel by the gas-shielded 
The standard perform- 
ance was determined with an uncoated 
electrode 

Mechanical test results reported 
herein for the case of argon shielding 
indicate that when these aluminized 
wires are used as welding electrodes, the 
deposited weld metal is somewhat in- 
ferior to that deposited with bare elec- 
trodes. 

Metallographic examination of multi- 
pass deposits revealed coarse dendrites in 
where the aluminized 
electrodes were used. These dendrites 
were prone to growing across individual 
pass boundaries and caused some loss of 


are Processes, 


certain cases 


pass detail in the cross-sectional macro- 
structure. Variations in the 
structure also existed which affected the 
mechanical properties, especially in the 
impact strength 
Porosity formed in 
bead weld deposits made on several 
types of plate surface was reduced when 
the aluminized electrodes replaced the 
bare electrode 


mhicro- 


“al gon-shielded 


This reduction in poros- 
ity was significant, but the number of 
holes per inch involved in both cases 
was small and within the scope of serv- 
ieeable weld metal density In the 
case of a plug weld, the reduction in 
porosity was marked when the alumi- 
nized electrode replaced the bare one. 

The amount of metallic 
recovered in multipass deposits con- 
stitutes a considerable alloy addition to 
the mild-steel weld metal, and the re- 
sultant effects on the constitution of the 
alloys caused changes in the kineties of 
nucleation and grain growth 


aluminum 


Weldability of Steels 


Copies of the monograph entitled “WELDABILITY OF 


The changes which occurred over the 
narrow range of aluminum content pres- 
ent in the deposits caused a large shift 
in the mechanical behavior of the weld 
metal. Since it is impossible to predict 
the exact amount of aluminum which 
would be recovered with a given alumi- 
nized electrode, the prediction of me- 
chanical behavior would be uncertain 

A serious gap in the data exists be- 
tween 0.01 and 1.06% aluminum which 
prevents anything but conjecture being 
applied to the behavior in this region 
It might be that aluminum alloved be- 
low 1.06% could have a beneficial effect 
on the mechanical properties 
vestigators? have shown small additions 
of aluminum (0.10%) to be beneficial in 
lowering the Tear-Test transition tem- 
perature of wrought steels. It is be- 
lieved that similar effects in steel weld 
metal are brought about by 0.5° 
aluminum in the deposit 

Carbon-dioxide shielding has a level- 
ing effect on the tensile properties ob- 
tained with bare and aluminized elec- 
trode deposits. The amount of alu- 
minum recovered in these deposits would 


Some in- 


be less than in argon-shielded deposits 
since the oxygen from dissociated carbon 
dioxide can form considerable aluminum 
oxide during welding 
reduction in alloyed aluminum did not 
cause improvements in the impact test 
performance 

The porosity — of 
shielded bead weld and multipass de 
posits was generally less than for simila: 
argon-shielded deposits 


However, this 


carbon-dioxide 
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Oxygen in the base metal or in the welding 
atmosphere ts found lo cause 
hol cracking, porosity and low ductility 
BY W. WN. PLATTE 
ABSTRACT. The effects of oxyger the ind seam-welding processes The re the cdiffeultic untered im fusion 
base metal and in the welding atmos sistance-butt and flash-butt welding welding molybad i Perry Spacil 
phere on the oceurrence of hot era . 
porosity and low ductility are discussed processes both require shielding during und Wulff? suggest that the grain boun 
The necessit w deonidization of the welding or Spec il higl peed equipment dari im are wet by a 
metal is shown and the effectiven 0 to prevent oxidization and are limited eutectic of MoQ,s and Mo at temperna- 
; aluminum, is examined zes of joints Che latter limitation show th it MoO ufficiently volatile 
| The harmful effeets of small quantities especially appli ible to the use of per above 3S00° F to iuse porosity, he 
of oxygen in the welding atmosphere are cussive welding which, while it produces combination of ive grain size and 
fairly ductile welds, | imited to smal! gra pre pitates may ex 
| maximum ductility in bending ections. Of the welding methods avail plain the vy duetility found in molyb 
ible. the inert-gas are is the most ver denum fusion eld Porosity and hot 
Introduction satile: it can be used to produc e most cracking in also be explained by oxides 
| The formation of molybdenum weld type of joints Because of this in the weld metal The work of Bat 
} which are sound and have a satisfactor wide field of potential usefulnes telle estigator howed that the 
degree of ductility is an involved prob work was undertaken in using the inert iopurit mtent ist molybdenum 
| lem However, the ultimate solution of yi hielded tungsten-are process tor must be held at a minimum tf a duetile 
this problem may have applications that welding molvbdenun mate to be tamed It is ap 
4 are not limited to molybdenum alone Welds made using any of the fusion parent that ind ductile weld metal 
Many of the difficulties encountered in velding process ure ibject to the to be produced t inaterial must have 
3 jommg of molybdenum are also found same basic problems inherent in an i ‘ tial t mtent and the 
im varving degrees of complexit in east structure mpleated by the fnet tio ! must be min 
| other bod entered ecubie material that weld metals are bonded to the mold riz 
such as Fe, W ind Cr vhicl how ind subjected to all the restraint wm ita ‘ ead made in 
in increase in vield strength with plied by th maditio Large den t lenu nert-gus shield 
decreasing temperature Problems of dritic grains and ingot characteristi howed that ivailabl 
base metal quality welding technique ire present Trapped or combined i ul t! it deoximiization wa 
and evaluation methods are all involved vase in the orwina material or di nie t tiv leoxidized material 
in the solution of joming problems in olved in the molten puddle during weld . | selds made im a 
| these materials. and must be ipproached ing tend to be released either while the ‘ ita y high-purit helium 
simultaneou meta molten or on cooling Phi ure i | md 2. The gro 
In the past welds in molybdenun mia enuse weld porosit Impurities ih in yait lemonstrated in 
have been made using both electrical seyregating in the grain boundaries ma I ig ire representative of commercial 
. resistance and arc-welding techniques cause either hot short cracking or low molybdenur thout deoxidizer addi 
A number of inherent disadvantage duetilit it room temperature The tien Oy nT , iter crack wa 
exist in each of these method Low effects of porosit ind segregation are observed ! thi irbon-deoxidized 
ductility has been characteristic of al emphasized by the restraint imposed on ite Sines ommercial are-cast 
types of wes with the ex eption ot the weld during solidification Welds molyvdenum inde with deoxidizer ad 
percussive welds 2 Porosity and hot in molybdenum involve no exceptions to iit i and mmercial sintered molyb 
cracking are prevalent in welds formed these phenomena denut ot usuA deoxidized, these 
using the shielded-electric-arc process Molybdenum and most other bod two materia vere used in different 
Excessive electrode sticking and mate- centered-cubic materials are subject to a phase 1 the estigation Sintered 
rial contamination occur in the spot rise in the vield strength when the ten molybdenum ised to determine the 
perature is decreased Brittle frac elect cles dizer additions on weld 
ture occurs when the ield strength ing properti ind arc-cast carbon de 
te reaches the fracture trength of the oxidized molybdenut was used to in 
Section, Westing! © Electric ¢ Pitt v materia! Bechtold' has shown that the estigate the effect f contamination of 
Pa fracture strengtl dependent upon the the welding atmosphere with oxvgen 
Presented at AWS National Fa Ieeting 
in Philadelphia, Pa.. Oct. 17-2 grain size. His work explains in part The improvement of the sintered 
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Fig. | 


imnaterials through the use of deoxidizers 
was accomplished by additions of car- 
bon, aluminum, niobium, tantalum, and 
titanium in Weld 
bends were made in plates rolled from 
contaming 


varying amounts 


sintered = compacts these 
materials 

Prevention of contamination of the 
weld metal during fusion was saecom- 
plished by the use of a welding chamber 
which contained an inert gas of high 
purity. 


amined by controlled additions of this 


The effects of oxygen were ex- 


Fig. Arc chamber 


contaminating gas to the atmosphere in 
the chamber 

The selection of the proper testing 
procedure for 
mined by the properties of the material 
Tests involving brittle materials impose 
testing method. 
When the degree of ductility is low, it is 
necessary that undue stress concentra- 


molybdenum is deter 


restrictions on the 


tions be avoided outside the area to be 
tested. The effects of temperature 
upon the ductility also must be taken 


MIXING BOTTLE 


SECTION) 


ARGON TANK 


Fig. 4 Schematic of gas mixing system 
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Radiograph of weld in nondeoxidized 
molybdenum made under helium atmosphere 


0, OR ARGON (1% O,) TANK 


made under helium atmosphere 
into consideration. These restrictions 
were carefully examined in the selection 
and design of bend test fixtures for use 
in constant strain rate equipment. 
Provisions were made for testing over a 
range of temperatures both above and 


below ambient. 


Welding Method, Materials 
and Test Equipment 

The welding chamber used to explore 
the effects of the purity of the welding 
atmosphere on the quality and ductility 


of molybdenum welds was coustructed 
80 that consistent high-purity atmos- 
pheres could be obtained. This welding 
chamber and auxiliary equipment are 
shown in Figs. 3-5. The chamber 
operates at a positive pressure of approx- 
imately 30 mm of Hg. The system 
consists of a gas-shielded are operating 
in an atmosphere of the same gas, This 
is accomplished by causing the welding 
atmosphere to enter around the tung- 
sten electrode during purging and dur- 


- Atmosphere 
In Exhaust 


Fig. 2 Radiograph of weld in carbon-deoxidized molybdenum 


ing welding. Gases liberated during 
welding are continually removed by the 
incoming atmosphere. This system is 
advantageous in welding materials, such 
as molybdenum, which have volatile 
oxides. Any oxide formed or liberated 
is swept away by the welding atmos- 
phere entering around the electrode 

The composition of the atmosphere 
supplied to the chamber may be varied 
as desired. A gas-mixing system is used 
to pre-mix the gases before they enter 
the chamber. A schematic drawjng of 
the mixing system as used for two gases 
is shown in Fig. 4. 

The chamber is purged by passing gas 
of the desired composition from the mix- 
ing system into the chamber. When 
the pressure in the chamber reaches 
30 mm of Hg, the gas supply is auto- 
matically stopped and the chamber is 
evacuated to a pressure slightly below 
atmospheric. At the end of the pump 
ing period the gas flow is resumed 
This process is repeated 30 times. The 
atmosphere was sampled using the sys- 
tem shown in Fig. 5. Gas samples 
were analyzed by means of a mass 
spectrometer, and it was found that the 
atmosphere in the chamber was equiva- 
lent to the atmosphere supplied from the 
gas-mixing unit. 

Welding was accomplished by use of 4 
direct-current tungsten are. The molyb- 
denum plate was used as the anode and 
the welding current was maintained at 
180 amperes for the0.060-in. thick molyb- 
denum plate. A spark-gap oscillator 
was used to provide a high-frequency 


Atmosphere 


Electrode 


Hg Switch for —— 
Purge Control 


Sample Bottle 


Fig. 5 Schematic of gas sampling system 
for welding chamber 
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Fig. 6 Bend test fixture 


initiation \ in 
diam tungsten electrode was used at a! 
The weld 


spark tor al 


are length ol of an inch. 
ing plate was mo ed relative to the ele 

trode by means Of a screw drive 2 that 
a constant are-travel speed was main 
tained without manual manipulatior 
during welding. The arc-travel speed 
was held at 5.9 to 6.2 1pm ind was cor 

The weld 


specimen cons ted of a fused bead on a 


stant for any given weld 


solid plate vith no filler met il added 
Figs. land 2 

Guided-bend tests were used to deter 
mine the ductilt of the weld metal 
A special bend-test fixture Fig. 6) was 
used in a constant strain rate ma hine 


for all testing these estigations 


0.060 x 0.250 x 1.125 in. The speci 
men is placed in the test fixture with the 


weld bead in the position of maximun 


fiber stress The rate of advance of the 
bending ram provided a strain rate on 
the outer fiber of the pecimen of 
O.01S4 ipt tra ite wh ou 

puted for elast strain and the true 
strain rate evyond the elas 
tic limit Phe luta ! m bend test 


y hes of deflection, The 
deflection of the sample has been corre 


are given 


oxidized, made under argon 


Avoust 1056 


Fig. 8 Weld in vacuum-sintered molybdenum, not de- 


lated with the angle of bending so that 
these data can be ompared with the 
work of other investigators Fig. 7 
Testing at temp itures above am 
hient was accom] ed 
con entional type tube turnace con 
trolled to +5 F and ving a maximum 
temperature gradient ol ove! 
Testing below ambient 
Lwith the 


the test zone 
temperatures Wi i 


ial low-temperature hamber rhe 


temperature of the pecimen is on 
trolled n both case by means of a the 

rr iple placed in the center of the 
ending ram at it oint of contact I) 
the low-temperature chamber the the 
mocouple eontro i solenoid alve 
vl illow quid nitrogen to pa ae 
double-walled inner lindet The 

trogen ma ln quid or gaseous (le 


upon the flow rate required to 
maintain the lesired temperature 
device is a modification Of 
init lescribed by We el and Olleman.” 

In the low-temperature chamber and 
n the tube furnace the sample is alway 
irrounded with a gaseou medium ¢ 
cept when liquid nitrogen temperature 
ure required This eliminates the po 
ihle errors which ma result when test 
ire made in a medium vhich wets the 
sample, as si wn b Jenedich 

\ sintered molybdenum Vil 
wed to determine the eflectivene 0 
different deoxidizet on the velding 
properties of molybdenum This ma 
terial was obtained u mall laborator 
lot The deoxidizers used were Ti, 
Al, ‘I rand Nb Detailed discussion ol 


these material \ given ¢ ach «le 


tamination of the elding atmosphere 


lone with il east ¢ irbon deox 


The terial was reduced to 0.0600-1 
heet according to the grain size control 
rogram developed by Bechtold.’ The 
ne fibered strus 
t n the i yorked condition B 
the ar wt molyvbdenun 


ger O.005", 


nitrogen and 0.06% irbor The final 
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Degrees 


Angie 


Bend 


Fig. 7 Relationship between bend 
deflection and angle of bend 


the sheet so that the weld test heads 
pendicular to the 
final cdureetion of roiling 

Oxygen in the Base Metal 


Titanium-deoridized va uum-sintlered 


molybdenum was obtained to determine 
thy inge of titantu vwiditions which 
vi , iter th the best welding 
propert sintered ma 
terial used for these welding studies was 
prepare in hot and these 
intered molybdenum heats were welded 
in the Fig. 3) using welding 
irgon i phere Photo 
grap! f two t il welds (Figs. and 
9) give ial evidence of the beneficial 
effect of titani is «a deoxidizer for 
intered bdenum 
eracku ) irre the ontrol sam 
7 sintered thout a deoxi 

zer addition (1 This sample 
| wed ¢ porosity The 
‘ ite eoxidized with titan 
un ere 80u nd free of gross poror 
if Ph trol sample, made with 
ut deoxidizer addition hows gram 
wking and porosity (hig 
10 A typical weld sample deoxidized 
with 0.2% Ti i hown in Fig, Il 
There no ¢ lence ol poro ity at the 
the wel 7 The center of 
the weld y deo free of cracks and 
porosit Che irregularity in the gran 
bowundart most probabl due to the 
‘ tence of very fine precipitates which 
mpede the i ernment of the grain 
yrain ize in the 


Fig. 9 Weld in vacuum-sintered molybdenum, deoxidized 
with O 2% titanium, welded under argon 
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Fig. 10 Weld zone vacuum-sintered 

molybdenum, not deoxidized, welded 

under argon, X 100. (Reduced by 
» Upon reproduction) 


(b) Center of weld, X 100 


Fig. 11 Weld in vacuum-sintered 
molybdenum, deoxidized with 0.2% 
titanium, welded under argon. (Re- 
duced by | » upon reproduction) 


Fig. 14 Weld in vacuum-sintered molybdenum, deoxidized with 0.1% carbon, 


welded under argon 


welded area is relatively fine compared 
to are-cast material discussed later. 
Similar results were found in a weld in 
titanium-deoxidized vacuum-sin- 
tered molybdenum. 

The welds made in titanium-deoxi- 
dized sintered molybdenum were cut 
into bend test specimens and tested 
over a range of temperatures. The re- 
sults of these tests are given in Figs. 12 
and 13. These data show that titanium 
as a deoxidizer for sintered molyvbde- 
num is best in the range 0.2 to 0.5%. 
Welds in this material did not become 
completely brittle until tested at — 130 
to —160° F and were ductile, that is, 
withstood a 118-deg bend or 0.5-in. de- 
flection, at 320° F. These results are 
comparable to some of the welds in are- 
cast carbon-deoxidized molybdenum dis- 
cussed later. The welds in molybde- 
num sintered in vacuum and deoxidized 
with Ti completely 
brittle behavior at 0° F and did not 
hecome fully ductile at temperatures 
below 400° F. 

The relationship existing between the 
stress in the outer fiber at the propor- 
tional limit and the test temperature is 
shown in Fig. 13. If the curves in Fig. 
13 are compared with curves for the 


showed 


welds obtained from arc-cast carbon de- 
oxidized molybdenum (Fig. 29), it will 
be seen that the rise in the proportional 
limit occurs at a lower temperature in 
the sintered molybdenum than in the 


are-cast material. There is an excep- 


Sample Analysis 


0 004 


> 


e 
o WS 0 004 
i163 0004 
o WS 159 
«ws 0010 


in inches 


Bend Deflection 


[Corbon 


tion to this in the case of the sintered 
molybdenum deoxidized with carbon 
only. The stress at the proportional! 
limit in this case is almost identical ove: 
the range of test temperatures examined 
as was found for the are-cast carbon-de- 
oxidized material. This condition sug- 
gests an effect due to the type of deoxi- 
dizer used rather than the degree of de 
oxidization. The proportional limit of 
the weld in titanium-deoxidized materia! 
did not achieve as high a value prior to 
completely brittle fracture as did the 
weld in carbon-deoxidized materia! 
However, the lower temperature for the 
rise in the proportional limit permits the 
material to show better bend properties 
at lower temperatures than the carbon 
deoxidized molybdenum. It is possible 
that the maximum stress at the propor- 
tional limit could be 
changes in the deoxidizing technique 
Examination of Fig. 12 shows that the 
welds in material deoxidized with 0.2 
and 0.46% titanium show the best bend 
ductility. 
1.88% titanium were not completely 
ductile at temperatures below 400° | 
From these data it appears that va 


increased by 


The samples deoxidized with 


uum-sintered molybdenum deoxidized 
with 0.2 to 0.5% titanium shows weld 
properties comparable to the welds ol 
tained in are-cast 
material. However, part of the im- 
proved properties of the sintered ma 
terial may be due to the type of de- 


carbon-deoxidized 


oxidizer used. 


Deoxidized Sample 


e wWS!60 
> 
wS!63 
WSI59 
wSi65 


ob 


Fig. 12 Bend deflection vs. temperature relationships 
for vacuum-sintered deoxidized molybdenum 
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Fig. 13 Stress at proportional limit test temperature relation- 
ship for vacuum-sintered deoxidized molybdenum 
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Table 


Composition 


Sam ple aim 
Wsiso 

Mo 0 
0.1% C, bal. 9 

Mo, annealed ) 

1 hr. 1200° ¢ 
WSI75 0.06% C 

In 

WSI76 4 


1—Welding Data Carbon-Deoxidized Vacuum-Sintered Molybdenum 


¢ Welding Speed 
p ollage p 
14 (lean, bright, with 
cratet rach 
mi) 1:3 t Bright enn, re 
dium width 
bead. No cracks 
208 14 H 2 Prouble starting 
(jas evolu 
thon in bead 
No crack. 
porosity 
, 3 6.2 Clean, bright 


rough be id, no 


CTACKS 


porosit \ 


to be 


oxidized 


showed some 


able material 


eovering 


of carbon 


added OV 


el the 


to which no « 
This 
for 


made 


control 


pacts 


argon 


Table | 


Fig. 14 


shown in 


heat WS160, one in 
dition and one after 
been “anne sled one 


material 


sintered molybdenum 


the material 


a good method for 


vacuum-sintering process 


vacuum-sintered 


promise 


range 
Carbon at 0.01% was found in material 


are pres nted 


is a deoxidizer ( 


0.0) 


Wir 


Vacuuln 
of deoxidization are volatile and 


be expected to be removed du: 


arbon Wie 


Used 


data collected on 


Ing 


Carbon deoridization was first thought 


sin 


tered molybdenum because the products 
would 
the 
Exploratory 
investigations indicated that carbon-de 
wlenum 

weld 
Several heats of carbon 
deoxidized molybdenum were obtained 
a range of carbon contents to 
quantitatively determine the usefulness 


arbon additions had been 


Some difficulty 


hour at 


was experienced in obtaining 
were sufficiently sound to roll 
welding from five original sintered 


Weld beads were made in the « 


deoxidized heats in the welding chamber 


as-rolled 


4 photog: aph of one of these weld 


he 


vacuum 
sintered earbor-deoxidized heats which 
Three 


heats were rolled into sheet suitable for 


irbon 


using an atmosphere of welding-grade 
Welding data 

Two samples were made on 
the 


had 


( 


radiographs 


show no ofl porosity \ 
found in the 
this 


ind to occur in @ 


erater crack Wi unan 


however, type of 


neaied sampie 


rack has been fo ran 


dorm fashion when the weld is terminated 


on the plate ( iter cracks are prob 
ibly due to the stresses in the plate re 
sulting trom the type ol head on plate 


specimen used VMiark'* has shown that 
the direction of the weld 
The rt 


weld crater and the 
the 


stresses exist in 
this type 
at the 


specimen 


luced section 


residual stresse vould aceount for 


iter cracking It will be shown later 
that oxvgen the welding atmo phere 
over 0.02°, will also cause crater crack 
ne 

The improvement due to deoxidiza 


tion is evident if the weld shown in | ip 


14 is 


sample which wa 


compared with a weld made in a 
not deoxidized (Fig 
s A gross center-bead crack occurs 
when deoxidization is not accomplished 
A photomicrograph of the weld area is 
Fig. 15 should be 
pared with the control Fig. 10 


cracking oc 


shown m ind com 


sam ple 


where gram boundar 


(sross porosit also occurred in 


curred 


the sample without deoxidizer additions 


Center-bead crack ire absent in the 


carbon-deoxidized sample but there is 
ome evidence of fine porosity The 
hend ductility of sample WS160, 0.1% 
( vas shown earlier in Figs. 12 and 13 
This material was ductile in the bend 
test, that is, it thetood 118-deg bend 


Deoxidizer 
0 05% Al 


Sam ple 
WSISS8 01% Al 


WSI77 0.2% Al 


WS193 0.2% Al 


WS194 None 
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Table 2—Welding Data for Vacuum-Sintered Aluminum-Deoxidized Molybdenum 


Welding Speed 
ollage ipm omments 
12.5 Ver porous center 
id crack 
Ver porous, «rack 
down center 
Rough bead surtace 
enter-bead crack 
porosity 
()xides on bead, rough 
ver porour 
Center-bead crack 
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Weld in 0.1% C deoxidized 
(Reduced by 


Fig. 15 
molybdenum, X300 
upon reproduction) 


it 400) diid not become com 
pilets britth 0° #F The 
properti however, were not as good as 
those obtained with Ti-deoxidized mo 
lyvbdenum Che carbon-deoxidized ma- 
terial also shows the rise in the elastic 
limit with decreasing temperature. 
rhis increase occurs at higher tempera 


li-leoxidized material 
ulte obtained with the 


tures than un the 


The 


t lot ol 


lding re 
yvelding re 


fir carbon-deoxidized vacuum- 


intered molybdenum could not be du- 


plicated Iwo later heats were tried, 
one with 0.05% and one with C. 
The weld howed no cracks after cool- 
ing Bott eld howed gross porosity 
it the edge of the weld bead. This 
porosity i hown in the photomuicro- 
the eld aren hig 16) 
Removal of the products of deoxidi- 
sation | formation of a volatile de 


a) Center 


(b) Edge of weld, X100 


Weld in carbon-deoxidized 
(Reduced by 


Fig. 16 
sintered 
upon reproduction) 


molybdenum 


| 
sphere 
MOA 
i% N 
\ 
i 
nur 
| 
| 
| 
i 
| 
3 fies? ‘ 
— 
| 
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oxidization product was mentioned as 
being one of the advantages in using 
carbon, Unfortunately, thie charne- 
teristic does not operate where welding 
applications are involved. Deoxidiza 
tion does not appear to be completed 
during the sintering process, Comple- 
tion of the deoxidizing action during 
welding and the production of gaseous 
products of deoxidization produce poros- 
ity in the weld bead Porosity at the 
edge of the weld bead indicates the oe- 
eurrence of deoxidization during weld- 
ing and the absence of hot center-bead 
cracking shows that deoxidization was 
reasonably complete after welding 
The data collected in these investiga 
tions indicate that carbon is not success 
ful ax a deoxidizer in vacuum-sintered 
molybdenum if the material is to be used 
in welding applications 

Aluminum d molipbde 
used in exploratory investigations indi- 
cated that aluminum could be used as a 
deoxidizer, The produet of the de- 
oxidization reactions should be reason- 
ably stable at elevated temperatures and 


\4 elded 


Unfortunately, one very 


should not eause diffieulty in 
applications 
important factor was overlooked in the 
selection of aluminum for deoxidization 
reactions im sintered molybdenum for 
welding Aluminum boils at 2450° © 
which is well below the melting point of 
molybdenum aml above the sintering 


Fig. 17 (a) 
oxygen nil, nitrogen or CO 0.03% 


Fig. 17(c) 
oxygen 0.3%, nitrogen or CO 0.1% 
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Sample G1 4—Atmosphere: 


Sample G7—Atmosphere: 


Table 3—Welding Data for Tantalum- and Niobium-Deoxidized Molybdenum 


Composition I mpurit; 
Sample aim 


WSI74 0.2% Ta ) 


content amp 
0 05 203 
0 05 203 


WSI75 Nb 


Current 


Welding Speed, 
voltage ipm Comments 
13 6 Porous; crack down bead 
center; crater crack 
Crater crack 
bead crack; gas evolu- 
tion from bead: general 


14 center 


porosity 


temperature used. The welding data 
shown in this report demonstrate the 
effect of deoxidizers which boil at or 
below the melting point of the metal 
deoxidized, 

Six heats of aluminum-deoxidized 
vacuum-sintered molybdenum were ob- 
tained in the range of 0 to 0.207 Al 

Weld beads were made on aluminum- 
deoxidized molybdenum samples in the 
welding chamber using a welding-grade 
argon atmosphere. The welding data 
are given in Table 2. All of these welds 
showed porosity and all but one showed 
center-bead cracking. The boiling aec- 
tion of the aluminum is evident and it 
appears that some form of grain bound- 
ary eutectic may exist after the mo 
ly! denum has solidified so that bound- 
ary cracking occurs during cooling 
However this type ol failure ( ould hea od 
been caused by incomplete deoxidizn 
tion and the residual molybdenum ox 


ides could cause cracking and porosity 


Fig. 17(b) 


Sample G8—Atmosphere: 


during welding. Either one of these re- 


actions would produce material not 
suitable for welding applications. 

From these data it is obvious that 
aluminum is not suecessful as a deoxi- 
dizer for vacuum-sintered molybdenum 
which is to be used in welding applica- 
tions. It is also apparent that de- 
oxidizing materials which boil below the 
melting point of molybdenum will be 
unsuccessful unless all of the deoxidizer 
is removed during sintering and the de 
oxidization is also completed during that 
time. Materials which form lov 


ing point oxides or oxide eutectics o1 


melt- 


thernselves form eutectics will also be 
unsatistactory 

Tantalum and niobium are both strong 
oxide-forming materials and the possi- 
might 


bility was considered that thes 


he successful deoxidizers. foth of 
these materials have high-boiling term 
peratures and melting points near that 


Tantalum melts at 


of molybdenum 


argon 99.7%, 


oxygen0.2%, nitrogen or CO 0.1% 


argon 99.6%, Fig. 17(d) 


Sample G6—Atmosphere: 


argon 99.4%, 


oxygen 0.4%, nitrogen or CO 0.2% 
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— 
| 
argon 99.97%, 


3027 ° ( ind mobium melts at 1950” contribute to hot crackin porosity degrees of «auetity However, there 


as compared to molybdenum which The oxide of Ta decomposes at 1470 ire many restrictions upon the deoxi- 
melts at 2620° C. These materials ( This decomposition could ex lization practices used for molybdenum 
should not be subject to the difficulties plain the difficulty encountered with If weldable molybdenum is to be ob- 
encountered with aluminum deoxidized this materia The oxides of Nb both tained the deoxidizer must form non 
molvbdenum melt below 1780° C and could form olatile products which do not wet the 
Two heats of vacuum-sintered mo- eutectics with Mo or wet the grain grain boundaries or remain as molten 
lybdenum were obtained, one deoxidized boundaries. A low-melting poimt grain films below the freezing point of the 
with 0.20% Nb and the other with 0.2% houndary film would account for center- " bdenum Che deoxidizer must not 
Ta. Weld beads were made on these head cracking However, incomplete become volatile at the temperatures of 
samples in the welding chamber under deoxidization more probably the molten molybdenum, The only ma- 
an atmosphere of argon. Welding data cause of cracking and porosity in this terial found which meets these require- 
appear in Table 3. The welding data material ments is titanium. This deoxidizer 
indicated that neither Ta nor Nb shows form t nonvolatile product which 
much promise as a deoxidizer for vac- Summary of Work on Sintered melta at the temperatures of molten 
uum-sintered molybdenum for welding Molybdenum molvhdenum but doss not form beund- 
applications. The gross cracking and 
porosity encountered with these ma- The work on vacuum-sintered molyb iry him Some of the oxides formed 
terials suggest that the oxides may have denum has shown that if this material vhen titanium is used are floated off on 
decomposed during welding or sintering - properly deoxidized it can be welded the surface of the weld bead while the 
and the oxygen is then free to form Welds made in suitably deoxidized remaining oxide uppear as spheres in 
molybdenum oxides which are known to molybdenum will be sound and have a the bead 


Table 4—Welding Data Argon-Oxygen Test Welds 
Welding 


F {imo phere current Welding Travel, 
Sample 1% V,' amp voltage pm ( ent 
OF 13 insufficient melting 
G-la OF 6.2 Repeat bead on top of Gil Distortion Sample 
rejected 
G-2 Sample bottle leaked 175 “6.9 Weld bead bright. Sample clean and free from 
Input gus welding oxide 
grade argon 
G-3 09 95 0.05 Nil 178 13.5 6u Welding voltage on before stabilizes Weld bright 
snd clear 
G-4 Sample bottle leaked air sO) 13 6.5 Weld bright, clean) No oxide on sample or bead 
G-h 99 95 0 05 Nil 4.3 Sample bright and clean no oxide 
G-6 4 04 0 2 170 Sample cracked down center of bead 
G-7 99.6 0.3 7.3 Weld cracked at ends of bead 
G-8 09.7 0.2 Oo] 175 13 5 2 Weld cracked down center of bead 
G-9 99.7 0 2 0.) 175 4 64 Small erack at start of bead 
G-10 Speed too hig insufficient melting Sample re 
jected 
A(;-11* Nil 1 12 6 Sample clean, bright, free trom cracks Sample 
annealed before welding 1200 (* one hr 
(5-12 99 85 0 02 0.15 5.12 Arc flare at start of weld Weld not cracked 
G-13 9 0 O5 0 ISO) 5 O85 C'rack across crater occurred after sample had been 
removed and waa cold 
99 97 Nil 0 04 Weld not cracked 
G15 Welded in air Con » Argon flow 5 1/min, 10.6 eu ft/hr 
ventional torch and 
shielding 
G-16 09 76 0 18 0 06 170 i4 > 73 Weld cracked 
G-17 99.75 0 20 0 05 175 13.5 5 8S Weld cracked 
G-27 Analysis error 180) 12 75 » AD Narrow bead with faint brown oxide deposit, small 
bead and crater crack 
G-28 Analysis error ISD 12.5 64 Faint brown oxide deposit, crack at crater and start 
of bead 
AG-30a" 9 BS 0 02 01 IRD | 6 20 Clean, bright, no cracks, WOU penetration 
AG-30b RS 0 O02 13 2 sright, clean, penetration, no cracks 
AG-300¢ 0 RR 0 02 01 ls) 12 i 2 Narrow bead, no cracks, bright, clean 
AG-30d 0 0 02 12 6 2 Clean, bright, penn tration, no cracks 
AG-31b OO BS 0 02 2 Same as 
AG-32a* 99.9 0 O5 0 05 175 6 2 Are had trouble starting (Crack near cratet 
100", penetration 
AG-32b 99.9 0.05 0.05 170 13.5 2 Oxides around bead. Crack near crater and at one 
end 
AG-3la wag OR 0 O2 175 6 2 (Oxides around bead, GO 100°, penetration, crater 


CTACK 


AG-33a | 170-175 13 02 Crack down ce 


erack, wenetration 


ter of firet quarter of bend (rater 


33b 8 0.1 170 02 Diffieulty starting are Crater crack and croms-bead 


All samples with prefix ‘‘A’’ were annealed | hour at 1200° © prior to welding 
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| 
| 


with oxygen added 


Deoxidizing agents tried in these in- 
vestigations which failed to meet all of 


the above requirements for deoxidizers 
failed to sintered 
molybdenum. 


produce weldable 


Tantalum, niobium, alu- 


minum, and earbon were all found to be 


unsatisfactory as deoxidizers for 


tered 


cations, 


molybdenum for welding appli- 


Oxygen in the Welding Atmosphere 


The effects of oxygen 
quality and ductility were established 


upon weld 


by making additions of a 1% oxygen- 
argon mixture to welding grade argon 
(00.959) so that atmospheres were ob- 
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Fig. 18 Deflection vs. test temperature for molybdenum welds made in argon 


tained over the range from 0.02 to 
OA% oxygen. The upper limit of 0.4% 
established by the 


weld 


formation of 
cracks. The 
lower limit was the best purity obtained 


was 
hot center-bead 


from commercial welding grade argon 
without purification. 

Typical welds (Fig. 17), demonstrate 
the effects of 
atmosphere upon the formation of hot 
cracks, 
rolled plate and also in plate annealed 
for one hour at 1200° C. The welding 
data welds 
argop-oxygen atmospheres are given in 
Table 4. 


oxygen in the welding 


These welds were made in ss- 


and results for made in 


Center-hbead cracking was ob- 


Deflection in Inches 


T T | 
Somple Oxygen in Atmosphere | 
AG300 0.02 
AG30¢ 0.02 
AG32 0 A #0.05 AG-33A 32 
AG32b x 0.05 AG-328 
Intended analysis AG-30A | 
0.1% \— AG-300 | 
/ 


made in atmosphere containing oxygen. 
prior to welding) 
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Fig. 20 Relations between obtained deflection and test temperature for welds 


(Material annealed } hr at 1200° C 
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Deflection in Inches 


100 200 300 400 x 
Testing Temp, °F 


Fig. 19 Relation between bend de- 
flection and test temperature for 
welds made in atmospheres containing 
0.1% Ox, balance argon (arc-cast 
molybdenum) 


served in welds made in atmospheres 
containing 0.2 to 049% oxygen (Fig. 
\7b, c, d). The effect of oxygen upon 
weld beads made in annealed sheet was 
examined (Table 4). Fourteen 
were made 


also 
weld beads using are-cast 
carbon-deoxidized molybdenum which 
had been annealed for hour at 
1200° C. The first four of these welds, 
AG30a-d, than 
0.0207 
phere as a control. 
made using 0.05, 0.08 and 0.10 oxygen 


in the argon atmosphere. 


one 


made with less 


oxygen in the welding atmos- 


were 


Other welds were 


It was observed from both surface ap- 
pearance and the radiographs of the 
welds described in Table 4 that all types 
of weld cracking increase grossly with 
When 
oxygen was 0.02% or less in the welding 
atmosphere, no cracking was observed. 
These results are similar for annealed or 
as-worked sheet so that annealing prior 


oxygen contents above 0.050 


to welding does not appear to be bene- 
ficial. Two types of hot cracks appear 
in these samples. Center-bead cracks 
which occur along the longitudinal axis 
of the weld bead are found in 
made with more than 0.1% oxygen in 
the welding atmosphere. This type of 
cracking is possible between 0.19% and 
0.2% oxygen, probable between 0.2% 
and 0.4%, with 
more than 0.4% oxygen in the atmos- 
phere. These data apply when the 
nitrogen content of the welding atmos- 
phere is 0.1% or leas. (The effect of 
nitrogen on weld cracking and ductility 
will be later 
Between 0.02 and 0.1% oxygen in the 
welding atmosphere, crater cracking oc- 
Between 0.02 and 0.05%, crater 
cracking is intermittent, but 
0.05°% crater cracking is probable in 
welds where the weld crater occurs in an 
area surrounded by the plate. 


welds 


and will always occu! 


discussed in a paper. 
curs, 


above 
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F which was the upper limit 


300 
of the test fixture 

5 nd effect occurs 48 result of 

200 ven additions to the welding atmos 

here The temperature of completely 

5 brittle failure, fracture without meas- 

t! creased oxygen additions This 

= effect shown in Fi 2) It can 

be se that as the oxygen in the 

elding atmosphere increased, the 

= os As rolled unwelded temperature for completely — brittle 

“100) Recrystallized unwelded to 0.17% oxygen 

Welded as rolled gen there is little 

3 hange , the temperature for brittle 

2-200 o Annealed !200°C | hr Hot center-bead cracking tfre- 

4 and welded quently oceu hen the oxygen in the 

E elding atmosphere n excess of 0.1% 

-300 | o that studies of the fracture character- 

0 04 08 12 6 20 24 28 42 t this range becon impractical 

Oxygen n Atmosphere (%) Che relationship is known between the 

oxygen in the welding atmosphere and 

Fig. 21 Temperature for brittle failure related to oxygen in welding the oxygen acquired by the weld metal 

atmosphere during weldu Fig. 22 From these 

lata. it has been possible to show by 

‘ Weld riche carbon-deoxidized means of a cross pilot the relationship 

cast molybdenum under argon between the percent oxygen in the weld 

( yen atmosphere were tested in bead and the temperature of completely 

ey ng using the test equipment lis brittle behavior in the bend test (hig 

issed earher Specumens from each 23 Phese curve how the relation- 

ar eld bead were tested over a range ol hip between the amount of oxygen in 

termperatures to determine the effect of the we metal and two criteria for weld 

test temperature up n the bend ductility duectilit n the bend teat Che dotted 

lig 18-2] Che curves demonstrat curve iguest the po ible effect of 

the effects of oxygen acquired during yrain size on the temperature for O.5-in 

elding on the ability of molybdenum leflect It upparent from these 

eld meta! t« stain plastic deforma data that the ductility of the weld metal 

tion The most ious effect is the 5 close related to the amount ol 

r : - - hift in the temperature for 0.5-in, de oxygen acquired by the weld metal dur- 

Oxygen in Atmosphere % flection or LisS-«le ingle of bend Ad ing welding Che location of the pointe 

ditions of 0.10% increase the tem for the unwelded tallized mate 

perature for 0.5 bend deflection to rial (Fig. 23) suggests that an increase 

Fig. 22 Oxygen acquired during 100° F or more. Oxygen additions to in the weld grain size increases the tem 

welding as a function of oxygen in the the atmosphere of 0.2 to 0.39% increased erature required to obtain a bend de 
the O.5-in. deflection temperature to flection OO u 
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Fig. 23 Relationship between oxygen in the weld bead, 
brittle-failure temperature and the temperature for 0.5-in. 
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Fig. 24 Relationship between oxygen in the weld 
and boundary calculated film thickness 
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Fig.25 Oxygen in weld bead and grain size for several MoO, film thicknesses 


The decrease in the temperature re- 
quired for brittle failure (Pig. 23) with 
decreasing oxygen in the weld metal may 
he explained by grain boundary films. 
The existence of such films has been es- 
tablished by Johnston and Wulff of 
Massachusetts Institute of Technology 
and by Battelle investigators, The 
effectiveness of these films in changing 
the temperature of brittle failure can be 
closely related to the size of the grains 
in the weld bead. The curve for brittle 
fracture in Fig. 23 shows that there is a 
decrease in the temperature of brittle- 
ness with decreasing oxygen in the weld 
metal, At oxygen contents of 0.0085°7, 
the temperature of brittle fracture is 
100° F while welds with oxygen con- 
tents of 0.0015% do not become com- 
pletely brittle above —160° F. An ex- 
planation of the change in the tempera- 
ture of brittleness is found by consider- 
ing the combined effect of grain size and 


oxide film thickness. If cylindrical 
grains are assumed in the weld area and 
the axes of these grains are assumed to 
have an angle of 45 deg with the plane of 
the sheet and with the axis of the weld 
bead the maximum length will be ¢ V/3, 
where ¢ is the sheet thickness. The 
diameter, d, of a grain which will be 
covered with an oxide film ¢ unit cells 
thick is given by eq. (1). 


j MAC 
d = ; ; 
Aly/o (4 We) — 2480 
where 
d = the diameter of a grain in em, 
4 = the density of the oxide, gm 
em’, 6.47 for 
a = the number of unit cells of oxide, 
4 = the dimension of unit cell which 
is monoclinic for MoO, and 
equals 5.526A, 
t « sheet thickness in em, 0.152 


em for sheet used, 
S = the density of metal, gm/em’', 
10.2 for Mo, 


Wy, wt. in molybdenum 
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Fig. 26 Curve showing relation of calculated fiber stress at proportional limit as 
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related to test temperature for welds made in oxygen-bearing atmospheres 
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This equation can be simplified by 
dropping the 2 68C term from the de- 
nominator. The value of this term is 
small and can be neglected. equation 
(1) may be further simplified by sub- 
stitution of the constants as in eqs. 
(2) and (3). 

37.68 
107 x10 W, (2 

10.7 x Wed 
37.6 


For a given value of d, 8 is a linear 
function of Wy. A series of diameters 
from 0.0125 to 0.200 em, 0.0049 to 
0.079 in., was used and the relationship 
between and is shown (Fig. 24) 
These curves demonstrate the grain size 
effect as related to oxide films. The 
diameter of grains found on the weld 
bead surface was taken as d and falls in 
the range 0.01 to 0.03 in. or 0.0254 to 
0.0762 em.'' Using the curve for brit- 
tle failure in Fig. 23, two oxygen con- 
tents were arbitrarily selected at 0.002 
and 0.004%. The 0.002 value is near 
the oxygen content of the original 
sheet, and the 0.004% 
value is one that is obtainable with com- 
mercial welding grade argon. In Fig 
24, the 0.002% oxygen content inter- 
sects the 0.025 and 0.075-cm diameter 
curve at 8 equals 1.5 and 4.5, and the 
0.004% oxygen line intersects these 
curves at 8 equals 3.0 and 8.5. Thus at 
oxygen contents of 0.004% and with a 
grain diameter of 0.075 em, the grain 
boundary film would be 47 x 107% em 
thick, assuming that all the oxide is in 
the grain boundary and that the film is 
A film of this thickness 
would not be resolved at * 2000 where 
the resolving power is 5 x 10°* em. 
However, the effectiveness of 
films diminishes below 0.00207, oxygen 
It is believed that if the limit of the 
oxygen in the weld metal can be held 
below 0.002% the 
brittle failure will approach that of the 
unwelded plate in the recrystallized 
material. 

It is possible to predict the require- 
ments of the welding atmosphere with 
respect to oxygen from the grain size of 
the material in the weld and the molyb- 
denum oxide film thickness which will 
cause the material to behave in a brittle 
manner. If the value of 0.002% oxygen 
is used with a grain size of 0.025 cm. the 
condition for brittle behavior shifts with 
grain size as shown in Fig. 25. This re- 
lationship shows that the oxygen in the 
welding atmosphere must be 
0.003%, to avoid brittle behavior in the 
larger grains. However, if the larger 
grains are the controlling factor in the 
fracture behavior as they would seem to 


molybdenum 


continuous. 


these 


temperature for 


below 


he, since the oxygen tolerance is smaller 
with inereased grain size for a given 
film thickness, then the curve derived 
from the value of 8 equals 4.5 should be 
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used. The oxygen tolerance for grains T ——-y 
0.075 em in diameter is then 0.004%, and 
0.025 em in diameter It is most im 
portant to note that if in some manne! 
the grain size ol the weld zone could be 
lecreased the tolerance for oxygen c« uld 
be increased 

Most body-centered cubic metals 
show an increase in the stress at the 
proportional limit with decreasing tem 


perature Mol bdenum veld 


this general pattern Fig. 26 The 
data used were computed from the 
bending equation and apply to the outer 
fiber of the bend test specimens rhis 
curve has been replotted in Fig. 27 and 
the points for brittle rupture are shown 
for a number of samples welded in at- 
mospheres containing various unounts oG7 | AG 320 
ot oxvgen As the oxygen in the weld = 
ing atmosphere is increased the stress 
brittle rupture decreased along the * Analysis based on 

original gas additions 


stress at the proportional limit curve 


There are a few exceptions to this re 


lationship but these exceptions may be O 


explained by the drop in the stress re -200 -100 0 100 200 30/) 


quired for rupture with deere 
Test Temperature °F 
Oxygen in 


temperature alter the temperature 
Oxygen in 


brittle rupture has been reached. ‘ Somple Somple 


Atmosphere Atmosphere 
that, as the oxygen the welding As Recryst 0% AG 32b 0.05 
m pl re ow tl temperature AG 30d G 27 0.1 

iere SCs rie nper G le 
for completely brittle failure increases AG 41 b ra | 
wecording to the function given in the AG AG 33b | 
relation of stress at the proportional AG G9 2 

5 


ever, It is apparent trom these 


When AG R G7 


limit to the test temperature b 
AG 320 


the oxygen in the weld be vd is related to 
the stress for brittle failure the stress ce 
Fig. 27 Relation between fiber stress at brittle failure and test 


temperature for welds in oxygen-bearing atmospheres 


reases with the oxygen content a¢ 
cording to the relationship shown in 
Fig. 28. The upper point on this curve 
is for unwelded reerystallized material 
ind this pot follows the data for the 
weld metal veture orygin in 

Examination of the stress at the pro vit , , nda Oo ' ven con he 4 » houn ne was in the 
portional limit data for welds with f the weld meta d the effective grain ancl fe ver f doubtful orgin 
known oxvgen contents brought out the nt P , pends on the grair 0 f racture has started 
fact that the oxygen in the The effeet of gram he ve fracture may be either 
a premature rise in the stres Pp 1° 1s cated the dotted portion ral li intererystalline 
tional limit-temperature relationsh oft rystallized material mples welded in relatively 
An examination of Fig. 20 sho jotted section is justi higt ‘ ontaining itmospheres 
the proportional limit starts to tect | he fe the point at 0° I Roald rranular. In gen 
lower temperature when the oxyg in) ti lam leflection in bending i unined were more 
the weld meta! is at a mmimun und o licate that whil | wnular in spite of the 
far the lowest oxygen content found in a mid ) the stre it the proy i uv orgwim of tracture In a 
veld bead was 0.0015! « wonably only utergranular surface 
However, the slope if f setur yas found to be the 
portional limit-temperatu nateria smal on the fracture 
ipparentl a function o some other of tranegranu- 
ner ire of e |} iat in the specimens 


Variable 


The data shown on the effect o perature of test 


stress at racture study con- 
hich indicated 

ndicate veture e bend it the wth was a funetion 
brittle ruptu = lied to determine the veal DO naterial and as the 
lecreased and 

tional limit mn 

lary having the 

the thickest 
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Fig. 28 Relationship between oxygen 
in the weld and stress at brittle failure 


film of oxide will be the first to fail. 

It has definitely been established that 
oxygen in the weld metal will reduce the 
ductility of the material. The mecha- 
nism involved is dependent on grain 
boundary film formation. Thus it ap- 
pears that in order to reduce the effects 
of oxygen on weld ductility to a mini- 
mum, it is necessary to elummate or 
minimize these boundary films. Two 
control the effectiveness of 
oxygen in the weld metal, the oxygen 
concentration in the weld metal and the 
size of the grains in the weld metal. 
The oxygen in the weld metal may be re- 
duced to a minimum by careful atmos- 
phere control as indicated in Fig. 25. 
However, the control of the grain size in 
the weld metal will require the addition 
of some material which will restrict the 
grain size, It is believed that a material 
such as titanium which forms nonvola- 
tile oxides at welding temperatures and 
does not wet the grain boundaries could 
be used. The oxide of titanium has 
been found to form spherical particles 
which could restriet the growth of the 
grains during solidification. The use 
of molybdenum which has been deoxi- 
dized with titanium is strongly sug- 
gested, 


factors 


Summary 

The work on both sintered and are- 
cast molybdenum has indicated that if 
certain welding and material conditions 
are carefully controlled, it will be possi- 
ble to make joints having appreciable 
ductility. Molybdenum made in usable 
quantities requires a deoxidizing agent 
regardless of its means of fabrication, 
sintered or are cast, The nature and 
requirements of the deoxidizer have been 
established by work 
The deoxidizer must not only remove 
oxygen from the molybdenum but it 
must be nonvolatile at welding tem- 
peratures; it must not form grain boun- 
dary films nor be molten in the grain 
boundaries after the molybdenum has 


reported here. 
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solidified, The products of deoxidiza- 
tion must either be removed during sin- 
tering or are casting or be nonvolatile at 
welding temperatures. If the deoxi- 
dization products are not removed dur- 
ing fabrication, they must not be molten 
in the grain boundaries after the grains 
solidify nor can they form precipitates 
which interfere excessively with plastic 
deformation. With one exception the 
deoxidizing agents tried-—C, Al, Ta, Nb 
and Ti-—have failed to meet one or more 
of these requirements. 
pears to meet all the requirements. It 
which is 


Titanium ap- 
forms a nonvolatile oxide 
floated off during welding or remains as 
spheres and inhibits grain growth with- 
out complete boundary films. It does 
not volatilize during welding and its 
oxide is stable 

The welding atmosphere used to form 
joints in molybdenum must be very 
carefully controlled with respect to 
oxygen. Oxygen 
bead cracking when 
gaseous atmosphere in excess of 0.1% 
and crater eracks when in excess of 
0.02%. Oxygen must be minimized in 
the weld by some means since it reduces 
the ductility when present in the weld 
metal in excess of 0.004% as compared 
to 0.001I8S% in the unwelded plate. 
Oxygen can be eliminated by prior puri- 
fication of the atmosphere and careful 
selections of the material with regard to 
surface and sheet lamination. 


causes hot center- 


present in the 


Conclusions 

The following conclusions have de- 
veloped from the work with deoxidized 
vacuum-sintered and arc-cast molybde- 
num: 

1. Oxygen in the base metal will 
cause hot cracking and porosity. 

2. The harmful effects of oxygen in 
sintered molybdenum can be greatly 
reduced by the use of deoxidizers during 
vacuum sintering. 


3. Carbon, tantalum, niobium and 
aluminum have not been found to be 
satisfactory for deoxidization of vac- 
uum-sintered molybdenum. 

1. The ductility and soundness of 
weld beads in vacuum-sintered titan- 
ium-deoxidized molybdenum are com- 
parable to the properties of welds in 
are-cast material. 

5. Titanium-deoxidized vacuum-sin 
tered molybdenum shows better bend 
ductility than the carbon-deoxidized 
vacuum-sintered material 

The work with welding atmospheres 
led to a number of conclusions with re- 
gard to atmosphere requirements wit! 
respect to oxygen: 

1. Oxygen concentrations in the 
welding atmosphere of 0.2% 
hot center-bead cracking and 
cracks, 


produce 


CTOSS 


2. Oxygen in the welding atmos- 
phere between 0.1 and 0.2% will proba 
bly produce both center-bead and crate: 
cracking. 

3. Oxygen above 0.02% and below 
0.05% will cause crater cracks in bead 
on plate welds. 

4. As oxygen in the welding atmos- 
phere is increased from 0.02 to 0.2° 
the temperature for brittle failure in- 
creases, 

5. The brittle-failure strength de- 
creases with increases in oxygen in the 
welding atmosphere. 

6. The brittle-failure strength vs 
temperature curve for different oxygen 
contents in the atmosphere falls along 
the proportional limit vs. temperature 
curve for molybdenum. 

7. Oxygen in the weld metal in- 
creases the temperature of brittle be- 
havior from —150 to 0° F between 
0.004 and 0.007% oxygen in the weld 
bead. 

8. The temperature at which maxi- 
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EFFECT OF NOTCH ORIENTATION ON 
WELD-METAL IMPACT PROPERTIES 


Technical note discusses results of V-notch Charpy-impact 


lesls on weld metal deposited with 9015 electrodes 


BY DANIEL J. SNYDER 


A review of the literature dealing wit! temperature nsiderab lower thar Phe 12015 electrodes used in 


Charpy-impact tests on specimens of did Doty,‘ who used specimens with the hot nvestigatior ere obtamed from 
multiple-pass weld metal shows that note! oot perpend lar to the veld the manutlacture \ summary ot 
some data have been obtained for 
specimens with the root of the notcl ee 

ar 1 to the we : whereas 
parallel he weld axi herea Table 1—Charpy-lmpact Properties of Weld Metal Deposited with E12015 
other data have been obtained for speci Electrodes 
mens with the root of the notch per ‘. 
pendicular to the weld axis.‘ The od 

” j / 
ASVIE Boiler ind Pressure V esse] at 
note} of notcl ba fhe Source 
requires keyhole-notech Charpy-impact 
j Keyho Perpendiculas 
tests on weld metal, but the Code 
Keyho Paralle 160 
not specify whether the root of the \ p 
A erpendicnu ; 

notch shall be perpendicular to \ P 
parallel to the weld axis oe 

In tests on weld metal deposited wit! * Selected at the middle of the scatter band for kevhole-notched specimens and at an 
£12015 electrodes (Ni-Mo-V),* Pellini energy level of 10 ft-lb for V-notched specimens 
and Eschbacher used specimens witl t From unpublished data at the Applied Research Luboratory, United States Stee! 

eld Cort 


the notch root parallel to the w 
axis and obtained ductility-transitior 


Daniel J. Snyder is Senior Resea 
jing, United States Steel Cor Lonres Table 2—Composition of Weld Metal Deposited with E9015 Electrodes, % 


Pa 
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35! 


Aveust 1956 Snuder mpact Prope 


* Designated as F-12016 by Pellim and Es 
bacher However, the aut! eon ad 
by Pellini that this was ir snd that 
£12015 electrode was used 


~~ E9015 WELO METAL 
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TESTING TEMPERATURE, 


Fig. | 
parallel to weld axis 


the published Charpy data, together 
additional data 
obtamed by the author, is presented in 
Table 1 It will be noted that the 
keyvhole-notch ductility-transition tem- 
peratures differ by 82° F and that the 
V-notch duetility-transition tempera 
tures differ by I Also, the difference 
in the V-notch ductility-transition tem- 
peratures selected at the 20 ft-lb level 
was the same as that shown in Table | 


with some recently 


for duetility-transition temperatures 
selected at the 10 ft-lb level 

These differences are believed to be 
largely due to the difference in the 
orientation of the notch in the weld 
A notch parallel to the weld axis 
located either in 


metal 
will have 
dendritic or in recrystallized weld metal, 


ite root 


depending on the location of the notch 
root with respect to the layers of weld 
metal in the joint. (To the author's 
knowledge, the various investigators 
have not deliberately tried to locate the 
root of parallel notehes either in den- 
dritiec or in recrystallized weld metal.) A 
notch perpendicular to the weld axis 
will have its root pass through many 
layers of weld metal, both dendritie and 
recrystallized 

To further evaluate the effect of notch 
orientation on  weld-metal impact 
properties, the Applied Research Labo- 
ratory of the United States Steel Corp 
recently conducted Charpy-impact tests 
on weld metal deposited with E9015 
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Charpy-impact data for specimens with V-notches 


BASE METAL 


OUCTILITY- 
TRANSITION 
TEMPERATURE 


£9015 WELD METAL 
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Fig. 2 
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Charpy-impact data for specimens with V-notches 


perpendicular to weld axis 


Mn-Mo), Table 2. The 
tests were made on V-notched specimens 
with the root of the notch parallel to 
and perpendicular to the weld axis. 


electrodes 


The specimens were obtained from a 
welded joint in a '/.-in.-thick plate of 
For the 
specimens with notches parallel to the 


T-1 constructional alloy steel 
weld axis, no attempt was made to 
locate the root of the notch in a specific 
weld-metal structure 

The Charpy data for the tests on the 
9015 weld-metal specimens with the 
root of the notch parallel to the weld 
axis are presented in Fig. 1, and those on 
specimens with the root of the notch 
perpendicular to the weld axis are 
presented in Fig. 2. When the ductility- 
transition temperature is selected at the 
10 ft-lb energy level, the transition 
temperature obtained when notches are 
parallel with the weld axis is 28° F lower 
than that obtained when the notches 
are perpendicular An even greater 
difference exists if the ductility-transi- 
tion temperature is selected at the 20 
ft-lb energy level. Also 
more seatter is observed in the plot of 


‘ onsiderably 


energy absorbed versus temperature 
for the specimens with notches parallel 
to the weld axis than in that for the 
specimens with perpendicular notches 
This suggests that in some of the speci- 
mens with notches parallel to the weld 
axis, the root of the notch was located 
in dendritie weld metal, and that in 


Snyder —Impact Properties 


others, it was located in recrystallized 
weld metal. If this is correct and if the 
root of the notch had been located in 
weld 
specimens, the transition temperature 


recrystallized metal in all the 
for E9015 weld metal would probably 
have been lower than 156° F. The 
difference between the ductility-transi- 
tion temperatures of the specimens with 
the root of the notch parallel to and 
perpendicular to the weld axis would 
then have been even greater than the 
observed 28° F 
These results are 
courage other investigators to conduct 
multiple puss 


presented to en 
similar evaluations of 
weld-metal Charpy 
ditferently 
more information may become available 


specimens hat ing 


oriented notches so that 


for many types of weld metals 
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Nitrogen pickup found responsible for the severe 


EMBRITTLEMENT OF A SHIP STEELINA 
NITRATE SALT BATH 


embrittlement of a 1025 semikilled ship steel 


after subcritical heat treatment in nitrate salt 


ABSTRACT An investigation was made 
to determine the cause of the severe em 
brittlement of 1025 semikilled ship steel 
(C steel) after subcritical heat treatment 
for long times in a nitrate salt bath The 
ductility was evaluated by means of ¢ harp) 
V-notch transition temperatures Metal 
lographie studies, X-rays and chemical 
analyses showed that the embrittling 
went was nitrogen introduced by a seal 
ing reaction of the steel with the nitrate 
sult The embrittlement due to nitrogen 
pickup was superimposed on any embrit 
tlement resulting from suberitical heat 
treatment carried out in air 


Introduction 
In the first stages of an investigation on 
the effect of subcritical heat treatment 
on the transition temperature of a 1025 
semikilled ship steel (C steel*), both au 
and a nitrate salt bath were used as the 
heating media It was observed that 
test specimens heated in the salt had 
the same or higher transition tempera 
tures and hardnesses as specimens com 
parably heated in ail This irregular 
behavior led to the supposition that 
the salt was introducing an embrittling 
agent whose effect was superimposed 
on any embrittlement arising from the 
normal quench aging behavior of this 
steel,! 

In the 


phenomenon was studied more closely 


present investigation this 
by determining the impact properties 
of C steel after 


arious subcritical heat 
treatments in “nitrate salt hat 
employing various cooling rates. Metal 
lographic studies and X-ray and chem 
cal analyses were made to establist 
the existence of an embrittling agent 


These resuite are compared with those 
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previously obtained after similar heat 


treatments in au 


Material and Procedure 

The C steel used in the present work 
was from the ime heat used in the 
It was 
i semikilled 1025 steel in the form of 


er work at itborators 


qin hot-rolled its The propertic 
reported for tl tee! we given in 
Tal le | 


Table |—Properties of C Steel 


(‘hem sis 
( ) 24 Cu OO8 
Min 48 Cr 0.05 
P 0 O12 Mo 0 005 
~ 0 O26 so 
Si O85 0 O04 
Al O O18 \ 
Ni OO] 


Mechani Property 


Yield point, psi 000 
Tensile strength, psi 67,400 
Elongation (S-in. gage length), 
Charpys-pecimen blank yere taker 
from the mid-tl kness of the plate 
that the long a wae perpendicular to 
the rolling directior The blanks were 
rough machined 0.020 in. oversize ul 


critically heat treated, machined to size 


und the note} it perpend ular to the 


plane ol the | ats 


The subcritical heat treatments con 


sted of heating senes of specimer! 
blanks at a temperature within the 
700-1100° F. range for various times 
up to one week in an immersed el 
trode type of salt bath The salt wa 
mixture of potassium nitrate nd 
nitrate Three different cooling 
rate cor furnace cool,* water 
quen } vere ployed, Al! ery 
were tested one! nth after heat treat 
ng Sot} the energ ibeorbed 

OO 


et al 


Steel mbrittlement 


fracture and the percent fibrous frac 
ture ere ised in establishing 
mipact transit uryve 
Results 

Che individual transition curves are 


n Fig. | The transition 
ind hardness results are 
un iuized in Table 2 In the fol 
lowing sections, the 15 ft-lb transition 


temperature (temperature at which 15 


ft-lb are absorbed in fracture) is used to 
evaluate the degree of embrittlement 
arisit mm the is subcritical heat 


treatment 


Air Cooled Properties 

Che individual transition curves after 
in air cool, Fig. | (a m), show that not 
onl the transition range shifted to 
higher testing temperatures with both 
temperature and 


‘ 

time, but the upper energy level i 
ered rh is in contrast 

t r-heated ‘ ens which show that 
the t t ine relatively un 
Hected and t t the upper energy, 


th both increasing sub 


ritical temperature and time,' 


The embrnttlhnog effect is more evi 
lentin bie. 2, wherem the transition 
temperature otted as a function ol 


treatments ip 


Furnace-Cooled Properties 


diy erie mpact wie 
tested t nace-cooled condition 
ifter heating at 1100° F for 112 hi 
The transitu irve tor this treatment 
| nel t the une embritthing 
effect of the ‘ iwnitude as that 


obtained with the ine heat treatment 
ool, Fig. Im 
Water Quenched and Aged Properties 

The transition irve obtained after 
wing one month 


it yom temperature shifts to higher 
testing temper iture ind the upper 
energy level | vered as well with in 


big. | (n-p) 


salt and in aur 
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Charpy V-notch transition curves of C steel after various subcritical heat treatments in nitrate salt 
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{ comparison of the transition ten brittling agent whose effect is notice 
eratures lor comparable treatments in ible after about four hours at 1100° | 
salt and in air, Fig. 3, clearly shows that From a summary of the test results 
the nitrate salt has introduced some en f the air-cooled and the water ple nehed 


Table 2—Transition Temperature and Hardness of Charpy V-Notch Specimens 
after Subcritical Heat Treatment in Air and in Nitrate Salt Bath 


14 ft-lb transition 


temperature Rockwell B face hardne 
Time at { Sait | 
len p hy heated* heated heated Salt heated 
As-received 87 
700° ul 
] "2 
10 
42 73 
| 
0 
24 72 
Os 147 ore 


2 74 
10 
20 71 
112 us 67 Mi, (M1 Core 
120 
1100° F, ‘ voles 
2 ‘4 
112 192 (RO 
120 102 66 


1100° 


water q ench, aged | month at room te mperature 
110 
116 


15 130 94 (56, as-quenched 
116 st, 
20 20) 49 (89, core 
112 122 202 2 101 (94, asquenched ) 
168 118 


* These results previously reported 
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Steel E-mbrittlement 


‘ ng both salt and air as the 
ting media, Figs. 4 and 5, it is ap- 
f embrittlement 
netion of the heating medium, 


time at temperature and cooling rate 
| th the air-cooled and water 
eries, there in incubation 


ttling effect of 


trate iif noticeable 


structural dif 


wi uid account for the 
ttling action of the nitrate salt 
eated and ilt-heated specimens 


e examined at a high magnification 
between air-cooled 


liffers 
te juer ed microstructures 
er heat treatment in salt, Fig. 6 
the more mottled appeni 


e ot the fernmte after water quence!) 


{ comparison of these structures 
th that of the as-received plate, Fig 
cicates that spheroidization 
subcritical heat 


With a entiecal rate (lurnace 
rostructure 


ent after treatment in the nitrate 


t. Figure 6d taken at the center of a 
irpv. bar sho hort platelets of a 
ecipitate arranged in a Widmiin- 
itten pattern At the edge of the 
Fig. be, a mixed precipitate of short 
ites and long needle-like plates ap 


ently nucleated at the grain bownda- 
evident electron micrographs 
»pstructures show some 
hat ore detail Figure 7a taken at 
e center of the bar shows, in addition 
the Widmanstatten pattern, a fine 
ecipitate distributed throughout the 
At the irface of the bar, Fig 
precipitate distnbuted 


hire 
whout the grains in heavier con 
tration than that in the core In 
dition. it ipparent that the long 
othe need not be 


boundaries and that 
are fringed with 


\ different forms of the pre- 
nitate suggest a concentration gradient 
the edge of a specimen to the vore, 


form and distribution sug- 


yest nitride needle This structure is 
not ¢ dent t irnace-cooled apeci- 
mens after the ame heat treatment in 
ir, Fig. 6f, although C steel has the 
highest original nitrogen content of the 
project steels. It would seem that the 


trate salt served to introduce nitrogen 


ubertical heat treatment 


le firm that the specimens heated 
iit were enriched with nitrogen 
troget Vere made by both 
e wet method for combined nitrogen 
na wuum-fusion method for 
it nitrogetr The resulta are tabu 
ited in Table 3; each value is the 
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Fig. 3 Transition temperatures of C 
resulting from heating at 1100” F for various 


0.1 
1000 


10 100 1000 
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steel Fig. 4 Charpy transition temperature-isothermal time curves after 


times in nitrate salt bath and in air, employing a 
water quench. Aged one month at room tem- 


perature 


average nitrogen content of the cross 
section of a broken Charpy specimen 


Table 3—Nitrogen Analyses of C Stee! 


\ itragen content, 
wt. “; 
(‘om 
hined* Total’ 
Condition nitrogen nitrogen 
Awsreceived 0 O17 0 
Heated at 1100° 
for 112 be 
In air; air cool 0 O15 0 0104 
In salt; furnace 
cool 0 126 
In salt; water 
quench 0 106 0 1120 


* Wet method 
t Vacuum fusion method 


Both methods of analysis show that 
subcritical treatment in salt resulted in 
a high nitrogen pickup, whereas the 
comparable treatment in air did not 
For the heat treatments in the nitrate 
salt, the combined nitrogen content 
(wet method) of the furnace-cooled 
series is greater than that of the water- 
quenched series, indicating that an ap- 
preciable amount of nitrogen is re- 
tained in solution by water quenching 

It should be noted that, for both the 
as-received and air-heated conditions 
the combined nitrogen value is greater 
than the total nitrogen value. This is 
hardly possible and, undoubtedly, the 
wet method for combined nitrogen is in 
error. Therefore, all values obtained 
by this method have no numerical sig- 
nificance other than to show the rela- 
tive nitrogen content. 


X-ray Study 

In order to identify the nitrogen 
phases, X-ray diffraction patterns were 
obtained of specimens which had been 
heated in the salt at 1100° F for 112 
hr and furnace cooled. Samples about 
0.020 in. square and '/, in. long were cut 
from the edge and core of a broken 
impact specimen and Debye patterns 
made from both positions, using mono- 
chromatic CoKa radiation. Exposure 
times of 40 hr or more at 45 kv and 7 
ma were required to show up the nitro- 
gen compounds, 

The core X-rayed as Fe,N and iron; 
the edge X-rayed as FesN, FeyN and 
iron. The short plates in the micro- 
structure (see Figs. 6d and 7a) can now 
be labeled the FesN phase and the long 
plates (see Figs. 6e and 7b), the FeyN 
phase. 

Although X-ray patterns of speci- 
mens heated in salt and either air cooled 


heat treatment at 11007 F in nitrate salt bath and in air 


or water quenched failed to disclose the 


presence of a nitride phase, the mot 
tled appearance of the ferrite (see Fig 
6 (b and ¢) ) indicated that a second 


phase was present, but in amounts too 


small to be detected by X-rays 
Source of Nitrogen 

The increase in nitrogen after treat 
ment in the nitrate salt could arise as 
follows: (a) preferential oxidation of 
the iron, thus decreasing the amount 
of metal without the loss of any nitro 
gen,* or (b) sealing reaction of the spec: 
mens with the nitrate salt, allowing 
nitrogen to diffuse into the metal. 

The first reason was considered pos- 
sible since specimens heated in the salt 


* It has been shown’.* that the preferentia! 
oxidation of the iron in iron nails results in an in 
crease in the relative nitrogen content of the re 
maining metal When the extent of oxidation | 
great (50° decrease of metal volume nitrice 
needles are visible in the microstructure aft: 
slow cooling 
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Fig. 5 Charpy transition curves after heat treatment at 1100° F for 112 hr in 


nitrate salt bath and in air 
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«dium were coated with a thick mult rease it ro ectional area of the if hereas the tual nitrogen con 
ere r The extent eta! et The f metal wa ‘ tent bout ten times greater than this 
determined for in wt spe en n rand 6°, t The metal loss i e Table 
blanks heated in salt and in a it i) n ult correspond to an increase in \lt ih ti ference would seem 
for 112 hr by breaking off the scale nitrogen content of from O0.0098°7 to t eclude the t ison, attempts 
wire brushing and determining the de 0.010467 if the nitrogen does not diffuse vere ] le t lu te the structure 


(a) As-received 


(f) |100° F for 112 br in air, Furnace cool. 


(d) 1100” F for 112 hr in nitrate salt Furnace (e) Same as (d) except edge of Charpy bar 


cool. Center of Charpy bar 
Fig. 6 Microstructures of C steel after various subcritical heat treatments in nitrate salt bath and in air. Nital etch. X 2000 


Gis 
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i's 

ave 
me as \a) except edge of Charpy bar 


Samples prepared by mechanical 


a) 1100” F, 112 hr, furnace cool Center of Charpy bar 
Fig.7 Electron micrographs of C steel after subcritical heat treatment in nitrate salt bath 
(Reduced by 20% upon reproduction) 


polishing and etching with nital. X 6000 
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FP (b) 1100° F for 112 hr in nitrate salt, Air cool (c) 1100° F for 112 hr in nitrate salt. Water 5 
: 
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(a) Heoted at 2200 


for 112 hr in air, and furnace cooled 


F for two days in vacuum, 
followed by whcritical heat treatment at 1100" F 


(b) Same as (a) except subcritical heot treatment 


was carried out in nitrate salt. 


Fig. 8 Microstructures of C steel vacuum annealed before subcritical heat treat- 


ment. Nital etch. X 2000 


showing nitride needles by conducting 
various heat treatment in pure oxygen 
see Table 4 


Table 4——Heat Treatment of C Steel in 


Oxygen 
Veta! 
Temp, Time Cooling loaa, 
hy rate 
21 Furnace cool 
21 Au cool 1s 


Although the metal loss from these two 
scaling than 
that from any treatment in salt, micro- 
scopic examination failed to reveal the 
presence of a nitride phase 

Both specimens were then wrapped jn 
copper foil and heated in air at 1100° F 
for 112 hr and furnace cooled. Again 
the Microscopie evidence was negative 

A still further check was made by re- 
moving nitrogen from impact blanks 
by vacuum heating at 2200° F for two 
days, Subsequent heat treatment at 
1100° F for 112 hr in nitrate salt and 
in air, employing a furnace cool, deti- 
nitely 
nitride in the 
Fig. 8b, but not in the air-heated speci- 
men, Fig. Sa 

As a check on contamination of the 
salt bath and also on the possibility 
that the electrical 
tributing a catalytic effect, as-received 
samples were placed in two different 
crucibles containing old and new salt 
respectively, and heated in a heavi- 
duty furnace at 1100° F for 112 he 
The resulting after 


treatments was greater 


showed the presence of the 


salt-heated specimen, 


circuit was con- 


microstructures 


furnace cooling showed the presenve of 
nitride needles in the specimen heated 
in the old salt-but not in the specimen 
heated in the new salt 
in the new salt was then reheated at 
1100° F for 96 hr more and furnace 
cooled, The microstructure now re- 
vealed the presence of nitrides. Ap- 
parently the nitrate salt had decom- 
posed and reacted with the steel thus 
introducing nitrogen. The extent of 
decomposition is indicated by the chemi- 
cal analyses of the new and the old salt, 
Table 5 


The specimen 


Table 5—Chemical Analyses of Nitrate 
Salt, Wt. % 


Neu Old 
salt salt 
Nitrite 0 2 2.8 
Nitrate 68 7 62.3 
Potassium 164 
Sodium 17.6 15.6 


Nore The 
equivalent to a nitrate mixture of 65°; 
NaNO, and 35°, KNO 


analysis of new salt is 


Discussion 

Two factors may account for the 
embrittlement of C steel after sub- 
critical heat treatment in the nitrate 
salt; namely, an “alloying” effect and 
a combined solid solution and aging 
effect, both due to nitrogen pickup 

The first effect is manifested by an 
increase in hardness and loss in ductility 
with increasing nitrogen content due to 
a simple alloying reaction of nitrogen 
with iron, 
equilibrium cooling conditions as with 


employing approximately 
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the air-cooled and furnace-cooled spe: 
mens.* 

The second effect—the 
solid solution and aging phenomenon 
is commonly referred to as 
aging.” In the present case, it consists 
of (a) the formation of a supersaturated 
solid solution of nitrogen in ferrite ob- 
tained by water quenching from ele- 
vated temperatures, and (b) the pre 
cipitation of some form of iron nitride 
(see mottled ferrite in Fig. 6c) from the 


combined 


“quench- 


supersaturated solid solution at room 
temperature. (The aging effect was 
indicated by the fact that the hardness 
of as-quenched specimens 
with time at room temperature. ) 

Since both carbon and nitrogen are 
believed to embrittle steel by thi 
quench-aging mechanism, the contribu 
tion of each to the over-all embrittle 
ment cannot be readily separated. It 
is to be expected, however, that the 
maximum embrittlement due to nitro 
gen only would after wate 
quenching from about 1090° F, the 
lower critical temperature of the Fe-N 
equilibrium diagram. Fast 
from this temperature gives maximun 
supersaturation; consequently, 
nitrogen is available for the subsequent 
aging reaction. Similarly, the maxi- 
mum embrittlement due to carbon onl) 
would occur after treatment at 1330° | 
the lower critical temperature (A,) fo: 
Fe-C alloys. 


increased 


occur 


cooling 


more 


Conclusions 

Nitrogen pickup was responsible for 
the severe embrittlement of C 
after subcritical heat treatment i 
nitrate salt. The embrittlement due to 
nitrogen was superimposed on any em 
brittlement arising from the norma 
quench-aging behavior of this stee! 


stee) 
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ABSTRACT In a study of the mechanisn least twenty vea Some of the earls ent me of the results that have been 
ot at a8-COrroslo ‘ ok y Ox 
re rrosion racking papers reported pecihe iustances of! obtamed to date un this investigation 
mately 40 solutions were investigated as : , 
possible corrodents to be used in stress- stress-corrosion failures while other Materials and Methods 
asrne testa of t « 30 nd 30 gave methods of testing the suscept 
‘ f ype id iL i od ng i iscepti In order to reduce the number of 
stuiniess steels A boing NaCl bilit of stainle teels to atress-corro : | 
varial } nve “ 
commercial! NH,NO solution pH Variable tive j tivation Wa 
bd sion cracking together! with the results 
7.0 produced stress corrosion cracking in to two tvpe ol stainless stee! 
few hours in the 304 steel stressed to of test Phe di name types 304 and 304L, Sheet 
4 mor ind in the 3O4L steel sti ed cussion folowing egel paper on the materia both grades, 0.0625 in. thick 
to 100°) or more of their room tempera stress-corrosion of tainless steel ind) . ‘ 
ield ngths Cr king de pro- WAS ipl the | nited States Stee! 
oe cated that the phenomenon was widel 
duced in 0.2-in. gage lengths strained 0.5°, \ , Corp. and na ein, diam rods, 
ow orst ll spect 
or more There was. however, no corre KI n athol mi. t pecific case of the 304L grade. | the Baltimore 
lation between macroscopic strain and reported in the literature of stres \"\ f ¢} { tee] Corp. The 
tendency to develop atress-corrosion eorrosion cracking in many media j | | 
Cracks Pitting wae gener illy produced } } omposit and the tensile 
There have been no catastrophu 
I solutions having pH’s less than 4.0 | erties of these aterials, as deter 
, failures of stainless ste ment re- ; 
Studies of the developments of cracks silure ) tau e teel equipment re mined at the National Bureau of Stand 
made both by interrupting tests and by ported to date that can be attributed j : lal | 
rds, are given ‘ 
photographing specimens in itu indi directly to tress-corrosion cracking | | 
ited that “tress-corrosion cracks can de Mo to the enti stainless atee 
, However, during the last few vears 
velop witl Little or possibl rie previous | used tre §-COrrosion tests 
‘tallurgists an y i hy 
pi ting Gas, believed to be hydrogen, i t ul ie nt ou the reported in the literature were formed 
sho eracks ene ( ust ray pect 
wa escaping from emical industs by bending the material around 
rosion products contain metal ions in ap creasingly cognizant of the fact that , 
proximately the same proportion as the , mandril and clamping or bolting it into 
: man of the thousands of leaks that , 
parent metal Limited data indicate ' i il hape so that the specimen con- 
that cracking develop in staini« teel equipment are tained both elast ind plastic atraines. 
limited to an‘ particular rvstallographi due to stre corrosion cracking These | the ipplied 
plane or set of planes leuk represent a ver considerable lo 
tresses are not ki n this type of spec- 


to industry pot only “apital replac 
n lu ti n ¢ ipita epiace enient to use in the 
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ments but also in downtime and lost ‘ 
Stress-corrosion cracking in austenitic boiling 42°; whesium chloride solu- 
products As a result of this increased " p 
stainless steels has been at t t} t} } tion that has general wen used a8 
or if probien ic Te 
corrodent in tl ountry.? Stress 
sure Vessel Re ‘ el is 
mion cracking heen obtamed 
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Table 1—Steels Used in This Investigation 


t) Chemical composition, percent by weight 


Vo 


Sheet 0 O49 14 (26 0 O10 0 74 5 0 26 
Sheet 0 024 1 23 O10 0 O16 2 0 O14 


tod 


‘? 
rie j 


tenaile Klongatir Iieduction 


Type / / frength ea 
304L Sheet 3, 200) S4, 1K 


* Mill 


0.2% 


inal ysis 


offset from riod 
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b) Tensile properties of material annealed sa rcau o lard 
: } af f 
| Rod liam 24,000) 70,900 


fluoric, fluosilicie acid mixture from re- 
sidual stresses from stencil marks on 
test specimens. Franks, Binder and 
Brown® reported that stress-corrosion 
cracking was also produced in boiling 
concentrated solutions of lithium chlo- 
ride, ammonium chloride and = zine 
chloride. Nathorst? used a 36°, eal- 
cium chloride solution maintained at 
100° as his test solution: Edeleanu’ 
obtained etress-corrosion eracking in a 
boiling 3'/,% sodium chloride solution 
containing various oxidizing additives 

In stress-corrosion investigations, in 
this laboratory,’ specimens have been 
dead loaded by means of lever systems 
and immersed in suitable corrodents 
For most phases of the current investi- 
gation, ‘/ein. reduced section sheet 
tensile specimens (standard except that 
the grip ends were | in. wide) were 
machined from the sheet material with 
their long axes transverse to the diree 
tion of rolling. The edges of these 
specimens were broken with metallo- 
graphic polishing paper; the specimens 
were then annealed for 15 min at 
1950° F to remove residual stresses due to 
machining and were quenched into water 
at room temperature 

Prior to testing, all specimens were 


either pickled in a 1207 207 Hb 


Fig. | Stress corrosion cell 


Specimen is supported between crossed flexure 
plates ond is loaded by means of a lever sys- 
tem. The solution is heated by the srrounding 
heating coll. The air condenser connection, 
shown at upper left, maintains the lovel of the 
liquid in the ceil. 
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1% HC] solution’ maintained at s0° ¢ protected with plastic tape to approxi 
or electropolished using a proprietary mately '/, in. below the liquid line 
solution until the scale from the heat 

treatment had been removed. After Results 

thorough rinsing in distilled water, the Service failures of austenitic stainless 
pickled or polished specimens were steels have generally been reported in 
placed in a test cell containing the solutions containing less than 1500 ppm 
corrodent without being permitted to of chloride. Hence, it was decided to 
dry. The pyrex glass cells were closed investigate the possibility of using a 
at the top and bottom with slotted dilute solution as a corrodent rather 
rubber stoppers and were surrounded than one of the concentrated chloride 
by insulated heating coils. A_ speci- solutions. In all, some 40 solutions 
men, cell, and the gripping arrange- were investigated These, together 
ments are shown in Fig. 1. Evapora- with the results obtained, are given in 
tion of the corrodent was prevented by Tables 2 and 3. The most satisfactory 
means of an air condenser attached to solution contained 3'/.°7 sodium chlo- 
the top of the cell. To prevent vapor ride and 1% ammonium nitrite* and 
phase attack, most specimens were had a pH of approximately 7 


Fig. 2. Specimen stressed to 90% of yield strength for 48 hr in boiling 3' .% 
NaC! + 1% NH,NO, solution. Note grid lines for determining strain and dis- 
tortion associated with cracking 


GAGE LENGTHS 


CRAOK FREE STRESS 
| CRACKED 


|STRESS, BO%OF Y.S 
STRESS,90%* 


PERCENT 


FREQUENCY PER 025 PERCENT STRAIN RANGE, 


10 40 50 60 
STRAIN IN 020 INCH GAGE LENGTH, PERCENT 
Fig. 3 Distribution of strains in 0.2-in. gage lengths of Type 304 stainless steel! 
specimens stressed to 80, 90 and 110% of their yield strengths 


Each plotted point gives percent of all gage lengths, subjected to a given stress level, that fall within 
a 0.25% strain range 
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Stress-corrosion cracking Was pro- necessary to stress them to LOO, ot vas noted that the iallest strain in any 
duced in Type 304 specimens stressed the yield strengt! yave length containing a crack was 
to SO% of their vield strengtht in the An analysis of the strain associated 0.52" In each stress range the aver- 
boiling sodium chloride-ammonium ni with stress-corrosion cracking was made we strain in gage lengths free from cracks 
trite solution. Specimens of the same by ruling successive 0.20-in. gage was generally less than in those contain- 
chemical composition, stressed to 90° lengths on the reduced sections of tyyx ing wks However, the fact that at 
of the yield strength, generally developed 304 specimens Specimens stressed to the higher tress levels many gage 
stress-corrosion cracks in 2 hr In 80, 90 and 110°) of their room tem lengths free from cracks were strained 
order to produce stress-corrosion crack- perature vield strengths were exposed in equal or greater amount than the gage : 
ing in Type 304L specimens it was for 48 hr in the boiling chloride-nitrite lengths containing most of the stress : 
solution A typical specimen, after its icks produced at lower streas levels 
removal from the solution, is shown in indicates that there is little or no corre- 
Fig. 2. The strain along the central lation between strain and the develop- 
line and along each edge of one face of ment of stress-corrosion cracks It 
mined at NBS is NH, Na, 0.0082 the specimen was determined for each seems obvious that other factors in addi- es 
=> ppd. 4s ars > ond . gage length The frequency of oecut tion to strain are necessary for the de- 
t Phe eld itrengtl the stres rence of strain ilues in each 0.2557 elopment of stress-corrosion eracks ip 
strain interval plotted in Fig. 3 It the Type 304 allo rhe width of the 


Table 2—Results of Stress-Corrosion Tests on Type 304 Stainless Steel (in Boiling Media Which Have Produced Cracking) * 
pH Phase of 


No.0 Beginning End of Styre orrodt Number 

Corroding medium pecimen of teat leal yield frengtl med ; of cra ha 
MgC l., 42 3 fractured 


| fractured 


2 
7 \ I 
7.0 66-7 7 \ 23 + 1 fracture 
70 6650 \ 12 
68 0 \ I | fractured 


Pitted 


Pitted 


NH,NO,, 


| fractured 


5.0 \ 

5.0 7 V 4 

5.0 \ 0 
\ 2 fractured 


7% 110 2 + | fracture 


0 
0 


5 8 \ fractured 
5 1 0) 105 0 
14 1s 105 


NaCl, 3% + NaNQ,, 


* Specimens were immersed for 10 days under stresses indicated. Fracture indicates complete failure of specimens; number of cracks 


is total obtained in all specimens tested 


+ L, liquid phase; V, vapor phase 


All cracks were found in two specimer 


+ 


§ Stress periodically increased until fracture occurred 


Logan Sherman Stress orrosion Crack ng 401 


Aveust 1956 


; l I 
Mu‘ | > 5.2 5 6 105 I 
MgCl, 5‘ 
| 16 5 6 100 | 
16 5.2 110 
| 68 2 110 
68 7.3 \ 2 
68 66 \ | 
NaCl, 50 ppm § 2 
NaCl, 3.5 + NaNO, 1% 3.0 7.4 110 I, 
| 5 1 | j 
5 
] 
51 100 \ I 


Table 3—Results of Stress-Corrosion Tests on Type 304 Stainless Steel (in Boiling 
Media Which Did Not Produce Cracking )” 


Corroding medium’ 
eas 
5% + NaNQy, 29, 


; 


+ K, CrOQ,, 2% 

+ NaBO,, 2¢ 

+ (NH 1% 
NaCl, 3.5% + KMno, 0.2% 

4 


NaCl 5% + 
NaCl 5% + NaNO, 2% 4 
NaCl 


t5% + NaBO,, 2% 

D+ 1% 
Nal 4.4%, + Naas 

+ NaOu 


NaCl, 500 ppm 

NaCl, 50 ppm i 
NaCl, 50 ppm + NaNO Y, 
NaCl, 50 ppm + KI, 100 ppm 
NaCl, + NaNO, 1% 

CaCh, 40% 

Cath, 30% 

40% 

KCL, OY 

NH 20% 

Znt ‘hy, 5% 

FeCl, 5% 

FeCh, 0.1% 

17% + Nak, O59 
MgCh, 20% 

MgCh, 5% + 


p range 


Start End 
oft of of 
lent leat yield strength 
70 xO 95, 105 
4 2 105 
105 
5 2 105 
4 “5 105 
4 70 105 
2.4 60 105 
7 105 
105 
4.5 
105 
10 7 105 
66 
67 4 95, 105 
75, 85, 95 
05 7 4 05, 105/ 
66 105 
05, 105 
5 7 $9 1054 
1054 
15 105" 
105 
3.5 105 
54 105 
105% 
2.3 10 O5 
105" 
oO, oO 
2.8 67 105 


“ Specimens were immersed for 10 days at stresses indicated 


All specimens tested in liquid phase only unless otherwise indicated 


NaOH added to desired pH 
“ Specimen pitted 
© FeCl, added to desired pH 
‘Tested in both liquid and vapor phases 
* Fractured as result of pitting 
° Specimen tested at room temperature 


cracks themselves does not appreciably 
affect the measured strain. By suita- 
bly orienting a specimen, the distortion 


associated with the cracks could be 


seen with the unaided eve. This dis- 
tortion coupled with the fact that in 
any stress group the strain, both in gage 
lengths containing cracks and in adja- 
cent gage lengths free from cracks, is 
greater than that of the average for the 
crack-free group suggests that the in- 
creased strain in the cracked specimens 
may be the result, not the cause, of the 
cracking, Microscopic examinations of 
the edges of specimens that had been 
electropolished prior to testing showed 
an abundance of slip markings asso- 
ciated with both fine cracks and else- 
where as shown in Fig. 4 
marked evidence of distortion associated 
with these microscopic cracks. This 
fact is further evidence that the macro- 


There was no 


scopic cracks were the cause rather than 
the result of the distortion discussed 
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above. There was no consistent rela- 
tionship between the crack paths and 
slip markings. 

The presence of corrosion products 
immediately adjacent to the stress- 
corrosion cracks is also evident in Fig. 4 
These products and those actually re- 
moved from the cracks are dark in color 
X-ray diffraction patterns indicate that 
they were both probably Fe,0,. The 
specific gravity of this oxide is 5.7, 
hence, its volume is approximately 1.4 
times that of the steel from which it was 
formed. Any oxide of this type formed 
in the stress-corrosion crack could thus 
exert a tensile force tending to open the 
crack further 

Reddish brown rust deposits were 
found outside of, but associated with 
stress-corrosion cracks. The X-ray dif- 
fraction patterns of this material indi- 
cate that it is primarily FeO ,-nH,O 
mixed with sodium chloride and ferric 
chloride. The presence of the sodium 
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chloride is of particular interest because 
this salt was recently reported mixed 
with the rust in service failures.* 

Spectrochemical analysis of the rust 
products indicated that the meta! ions 
were present in approximately the same 
proportions as in the parent metal. 
This would indicate that no specific 
constituent or constituents were par- 
ticularly subject to attack along the 
path of the stress-corrosion crack 

It is seen in Fig. 4 and also in Fig. 5 
that the stress-corrosion cracks produced 
in the sodium chloride-ammonium ni- 
trite solution were transerystalline 
This is characteristic of stress-corrosion 
cracks found in service failures in aus- 
tenitic stainless steels 

Area effects have been reported in 
stress-corrosion studies of certain ma- 
terials, particularly magnesium" and 
aluminum! alloys. In order to deter- 
mine whether the stress-corrosion crack- 
ing ol stainless steels was area-depend- 
ent, specimens were masked with plastic 
, to 2 sq in. 
As the ex- 
posed areas decreased in size, the proba- 


tape, leaving areas from 
exposed to the corrodent. 


bility of stress corrosion cracking also 
decreased. No cracks were obtained 
in the smallest areas exposed, even with 
these areas electrically connected to 
much larger unstressed areas of the same 
material exposed in the same cell 

As was indicated earlier, the sodium 
chloride-ammonium nitrite solution was 
used at a pH of approximately 7. In- 
creasing the pH of this solution to 8.5 
slightly increased the susceptibility of 
the 304L alloy to stress-corrosion crack 
ing without, however, affecting that of 
the Type 304 specimens. Solutions 
with a pH as low as 4.0 produced stress- 
corrosion cracking in the latter steel 
Solutions with a pH less than 4.0 gener- 
ally produced pitting only and no stress- 
corrosion cracks. Determinations of pH 
were made at the conclusion of many 
tests in which the neutral NaCl 4 
Changes in pH were usually less than 
1.0 and were not consistent in either 


solution had been used 


amount or direction. 

The problem of whether or not pit- 
ting must precede stress-corrosion crack- 
ing has not as yet been completely re- 
solved in this investigation, Stress 
corrosion cracks obtained by subjecting 
a specimen previously pitted in an NaC] 
solution to stress in the corroding 
medium produced cracks that were not 
associated with any of the larger pits 
that had been formed previous!) 
When specimens were periodically re- 
moved from the corroding solution for 
photographing they had to be rea 
tivated before their return to the solu- 
tion. Hence, each time the test was 
interrupted it was, in effect, started at 
the beginning again. Taking into ac- 
count these limitations, the data, never 
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Fig. 4 Stress-corrosion crack in Type 304 stainless stee! 
specimen electropolished and exposed stressed to 90% 


of the yield strength in a boiling 3 
NH,NO, solution for 4 hr 


Note the pit, corrosion products indicated by arr 


Unetched x 400 
theless indicate that stress-corrosion 
eracking ma a elop with little or no 
previous pitting 


In order to avoid interrupting the test 


to follow the progress of corrosion. a 
cell was designed which contained an 
opti illv flat vindow through whicl 


the could be pl otog! iphed 
sheet 
length of 1 in 


is used in this 


specimens 
tensile specimen witl wae 
width of 0.125 in 


ind 


cell which permits 


graphing of the top surface of the entire 


gage length of the specimen The ce! 
as set up to be ied with a still camera 
is shown in Fig. 6; it is currently being 
used wit! If-mm motion picture 
camera in tine lapse stuclies of the prog 
ress of stress-corrosion cracking 
Figures 7 and S&S are from a series of 
still photographs showing evidences of 
the development of two stress-corrosion 
cracks and one pit. Gas bubbles were 


coming from both the cracks and the 


seen 

pit Bubbles were noticed evolving 

from the first crack in about 1'/, hi 

ifter the specimen was first stressed 

The second crack developed after ap 
imately 2 hr and the pit after 2 


pron 
hy 


Samples of the gas evolved from speci 
inalyzed by the 


mens under test were 

Mass Spectrograph Section of — the 
National Bureau of Standards, Hydro 
gen was present in all samples and as the 
test progressed increasing amounts of 


No oxides 
This 

interpreted to mean that the ammoni 
um nitrite is breaking down with time 
according to the NH NO 
—-2HA + and most probably ex 


plains why very 


were also found 
found 


nitrogen 


oon tfogen have been 


equation 
ures of 


lew complete fail 


1956 


ows, and the slip markings, 


Fig. 5 Stress-corrosion cracks in Type 304 stainless steel 


Cracks are transcrystalline. Etched electrolytically in 10% chromic acid 


o + X 200, 


1% 


Fig. 6 Method of photographing specimen without interrupting the 
test 


Specimen is incased in cell C and is pnotographed through optical fict at the bottom of ; 

Cell is heated by surrounding resistance coil Evaporation ; 

Specimen is stressed by means of lever system 


the well indicated by orrow 
is prevented by air condenser B at right 


Sherman — Stre ( orrosion Cracking 393-s 


Logan 
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specimens were obtained even after 10 
days’ exposure in the corroding medium. 

Large-grained specimens of the 3041 
alloy having both rectangular and 
“juare cross sections and of the 304 
alloy having rectangular cross sections 
were exposed in the boiling NaCl + 
NH NO, solution stressed so as to pro- 
duce plastic deformation, until stress- 
corrosion cracks developed. The edges 
of such specimens are stress raisers, 
Hence, it is assumed that a stress-corro- 
sion crack extending continuously from 


the first to the second of two adjacent 
surfaces of a large grained specimen had 
its origin at the common edge of the two 
surfaces. It is then easily possible from 
back reflection X-ray patterns of the 
two crystal surfaces to determine the 
crystallographic plane on which the 
stress-corrosion crack had its origin.’ 
This investigation is in progress. De- 
termmations of the crystallographic 
planes on which stress-corrosion cracks 
developed have now been made for 4 
crystals in the large grained specimens 


Fig. 7 Photographs, taken by method of Fig. 6, showing face of Type 
304 stainless-steel specimen after exposure for periods indicated at 
a stress of 90% of the yield strength in a boiling 3' .% NaCl + 1% 


NH,NO, solution 


Gas bubbles escaping indicate beginning of cracks at A and C and of o pit at 8, all on 
lower edge of specimen. X 6. (Reduced by 9% upon reproduction.) 
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Stress-Corrosion Cracking 


The distribution of the normals to 
these crystallographic planes is shown 
in Fig. 9. 


Discussion 


Stress-corrosion cracking in metals 
and alloys is generally considered to be 
electrochemical.” In a suitable corro- 
dent, surface areas extremely narrow 
with respect to their length and with 
their long axes approximately normal 
to the applied tensile stress are believed 
to be anodic to the material as a whole. 
An electric current will then flow 
through the corroding solution from this 
anodic area to surrounding cathodic 
areas; the circuit is of course completed 
through the metal itself. If the anodic 
area is extremely narrow the current 
density becomes relatively high and the 
metal goes into solution rapidly at that 
area. 

The passivity of stainless steel de- 
pends upon the availability of oxygen 
at its surface,'* that is, on the formation 
and retention of a protective film. In 
a chloride solution the electrochemical 
solution potential of unstressed stain- 
less steel, which is in effect an indication 
of the homogeneity and continuity of 
this protective film, is constantly chang- 
ing. It has been shown that the ap- 
plication of stress can rupture this 
film'® and that the film-free material 
may then be as much as 0.5 v anodic to 
the passive surface in a chloride solution. 
“Oxygen concentration cells’’ may also 
be set up in a chloride solution where a 
foreign material, even as inert as glass, 
is in contact with the steel so that the 
supply of oxygen at the contact is 
limited, Pitting then results. 

It is suggested that during applica- 
tion of tensile forces microscopic slip 
in a favorably oriented crystal may rup- 
ture the protective film on the metal 
under such conditions of oxygen supply 
that this film cannot be immediately 
repaired. Corrosion oecurs in a very 
narrow area normal to the applied 
stress and the corrosion product formed 
at the site tends to form an oxygen con- 
centration cell. As the corrosion con- 
tinues, the crack becomes deeper and 


the corrosion product formed, because’ 


of its increased volume, adds con- 
siderably to the driving stress, thus pro- 
viding a vicious cycle of continuity 
The idea that a stress-produced mar- 
tensite transformation® ' provides the 
anodes for the electrolytic stress corro- 
sion of stainless steel has never had wide 
acceptance in this country. the 
studies of martensite transformations in 
many materials “habit’ crystallographic 
planes” have been determined. No 
data have come to the authors’ *atten- 
tion for such transformations in the aus- 
tenitic stainless steels. In low-carbon, 
low-alloy steels the habit plane is re- 
ported to be the (225) plane of the aus- 
tenitic phase. The normals to planes 
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Fig. 8 Continuation of test shown in Fig. 7 


Between 3 and 4 hr photographs the solution was cooled to room temperature and : + . , ‘ ‘ iA 
stress removed overnight (but specimen not removed from solution) Periods reported ' ' tre Corrosion 
ore for exposure at temperature and under stress x 6 (Reduced by 20% upon 


reproduction 
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ARC-WELDING TEMPERATURES 


Experimental and analytical studies of quasistationary 


lemperalure distribution in thick and thin arc-welded stainless-steel 


plales found lo be in excellent agreement 


BY R. J. GROSH AND E. A. TRABANT 


ABSTRACT I his paper 
sulte of two recent measurements of the 
quasistationary temperature distribution 
in thick and thin are-welded stainless steel 
plates with an analytical study previously 
reported The analytical resulta were ob 
tained for one, two, and three-dimensional 
heat conduction from a moving plane, line, 
and point energy source where the thermal 
properties of the solid are certain functions 
of temperature. The analytical results 
are outlined. Excellent agreement is 
noted between experiment and theory 


Introduction 
Knowledge of the temperature distribu- 
tion in welding enables estimates to be 


compares the re 


made of distortion, thermal! stresses, and 
the mechanical properties of the weld. 
The theory relating to this distribution 
is of interest because it provides esti- 
mates for the temperature and can also 
be applied to analogous problems in- 
volving convection, diffusion and elec- 
tricity 

A survey indicates that the tempera- 
ture distribution has been measured and 
reported for steel, aluminum, copper, 
iron, magnesium and titanium plates 
which were are welded, gas welded, 
resistance welded or welded with ther- 
mit. Teehniques used to obtain these 
measurements have ranged from the use 
R. J. Grosh Assistant Professor, Mechanical 
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of crayons, wax pellets and cones with 
fixed melting points to thermocouples 
and automatic recording systems. This 
paper is concerned with the temperature 
distribution during are welding 
Spraragen and Claussen' have re- 
viewed the literature to 1937. Prior to 
this date, 
different materials with results often 
reported for mild steels in the form of 
temperature distribution 
curves or cooling curves. Since 1937, 


most investigators used 


numerous papers have appeared on the 
thermal aspects of are welding 

In 1943, Hess and co-workers? meas- 
ured cooling rates in low-carbon steel 
plates 0.25, 0.50, 1.0, and 1.5 in. thick 
The effects of electrode diameter and 
coating, a-c versus d-c welding current, 
chemical composition of the plates, and 
latent heat of metallurgical transforma- 
tion were considered. In this same 
year, Doan and Stout’ established a 
correspondence between hardness tests 
and cooling rates which was discussed 
by Mahla and co-workers* in 1941 and 
later by Rosenthal’ in 1944, In 1943, 
Paschkis® established cooling curves of 
plates in the vicinity of the weld by 
means of an analog computer and postu- 
lated modes of heat transfer from the 
electrode and are to the plate 

In 1946, Rosenthal extended previous 


results with a published theory of mov- 
ing heat sources with some application 
to metal treatment.’ Rosenthal and 
Schmerber* experimentally verified one 
of the theoretical results for the tem- 
perature distribution in welding. It is 
interesting to note, that certain results 
obtained independently by Rosenthal 
had been obtained earlier by Roberts,’ 
in 1923, who was interested in certain 
diffusion problems and Wilson," in 1904, 
who considered some cases of convection. 
Wells'' used the theory of moving 
sources to predict the width of the 
melted zone in butt-welded steel plates 
The results were in good agreement with 
the data of Jackson and Shrubsall'? who 
measured the width of the melted zone 
and the energy distribution in electric 
welding 

Nippes and co-workers"? “ have de 
veloped a method for obtaining the 
temperature distribution from a limited 
amount of experimental data. These 
data were used in conjunction with a 
which 
which simulated the various regions ol 
weld heat-affected zones and with which 
properties of the weld were studied 

The works cited and others have 
furnished means for understanding and 
estimating temperature transients dur- 
It has been shown that 


device developed specnnen 


ing are welding. 
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Fig. 2. Thermal conductivity, product of density and specific 
heat, and thermal diffusivity for a stainless steel 
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4 temperature distribution in thin are 
- welded plates. The coordinate system 
é related to the plate is shown in Fig. | 
: If thermal properties are considered 

constant,’ then 
/ wt Koddor) + T, (10 
Three-Dimensional Heat Flow 
; If heat flows in an infinite solid from a 
7 pomt source moving tlong the x axis 
f with constant velocity, then the temper- 
ature distribution is! 
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: ‘This solution can be compared with the 
A ease where thermal properties are not 
functions of temperature 
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kind and zero 
This solution 

is of interest because it approximates the 
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The 
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ordinate system related to the plate is 
shown in Fig. 1. 


Comparison of Theory and Experiment 


Grosh and Hawkins!’ have measured 
the quasistationary temperature field 
in thin, are-welded, Type-304 stainless- 
steel plates." The plates were '/, in 
thick, 30 in. wide and 47 in. long. The 
weld was deposited on the '/ in. thick 
edge which was machined flat before 
welding. Six 0.035- or 0.046-in. diam 
holes were drilled halfway into the plate 
The three largest 
holes were staggered along the edge be- 
tween 0.095 and 0.206 in, from the weld 
for 23 B & 
thermocouples; the 


for thermocouples. 


Ss gage chromel-alumel 
three remaiming 
holes were also staggered and between 
0.48 and 0.72 in. from the weld for 30 
B & gage iron constantan thermo- 
couples. The wires were inserted in 
small two-hole ceramic insulators and 
the assembly soldered into the hole with 
a stall mass of high-remelt temperature 
silver solder The thermocouple out- 
put was recorded with an electronic 
automatic potentiometer or an oscillo- 
graph with amplifier 
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.4 Comparison of theory and experiment for thin plate 


Are-Welding Temperatures 


Nippes, Wawrousek and Fleischmann’! 
have measured the quasistationary tem 


perature field in thick, arc-welded Type- 
347 stainless-steel plates. The plate 


was |! in. thick and 12 in 
The weld was deposited in a groove 


square 


in. wide and 
the surface of the plate 


placed fan-like between 0.2 and 1.25 in 


from the centerline of the groove. The 


chromel-alumel 


percussion welded to the bottom of these 


holes 


a 14-channel oscillograph 


In each case, the welding was done 


with an automatic welder and electrica 
data recorded on chart-type recorders 

The pertinent data for the welds are 
shown in Table | 


is in. deep machined in 
Right ther- 
mocouples holes 0.052 in. in diam were 


thermocouples were 


The output was recorded with 


Table 1—Arc-Weld Runs* 


Thin Thich 
plate Plate 
Are current 
amp 0 


Are voltage, v 19.5 24 2 
Are speed, ipm 19 2 5 S85 
trode di- 

ameter, in 


* Data taken from References 15 and 19 


The theoretical result for two-dimen 
sional heat conduction from a moving 
line source in a plate, eq. 9, where the 
thermal properties are linear functions 
of temperature was applied to the meas- 
urements of Grosh and Hawkins.'* The 
comparison between theory and experi- 
fand 5. For 


purposes of comparison, the two-dimen- 


ment is shown in Figs 


sional results where properties are con 
sidered constant, eq 10, are also shown in 
these figures. In the latter case, the 
properties used were taken as: thermal! 
conductivity ft °F, and 
thermal diffusivity—O.175 ft/hu 
Both in eqs 9 and 10, the heat input was 
evaluated from the are voltage and cur 
rent assuming an are efficiency of 74°; 
The representation for the variable 
properties will be discussed later 

The theoretical result for three-dimen 
sional heat conduction from a moving 
point source, eq 11, for the thick plate 
where thermal properties are linear func- 
tions of temperature was applied to the 
Nippes, Wawrousek 


The comparison be 


measurements of 

and Fleischmann." 
tween theory and experiment is shown in 
Also, for 


the three-dimensional results 


Fig. 6 
parison 


purposes of com 
where properties are considered con 
stant, eq 12, is shown. In the latte: 
case, the properties were taken as 
thermal conductivity—13.0 B/hr ft ° 
product of density and specific heat 

69.0 B/eu ft °F, and thermal dif 
fusivity—O.1S8S8 sq ft/hr. Both in eqs 
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11 and 12, the heat input was e\ aluated 
voltage and current as- 
suming an are efficiency of 85% 

In the cases where thermal properties 
vere considered linear functions of tem- 


perature, they were taken as 


0.0 (1 13 
/ 
3540 


The compositions of Type 304, thin- 
plate, stainless steel and Type-347, 
thick-plate, stainless steel are shown in 


Table 2 


TEMPERATURE 


Table 2—Chemical Composition of 
Steels* 
Type 304 Type 
0 O8 may 
2 OO max 


0 OS max 


THIN PLATES 


EXPERIMENT 
—-— THEORY FOR VARIABLE PROPERTIES 
THEORY FOR CONSTANT PROPERTIES 


FROM DATA OF GROSH AND HAWKINS (9) 


2 00 max 
1 max 
0 04 max 
0 O43 max 
Ik 0/20 0 
00/11 0 


1 OO max 
0 04 may 
0 OS max 
17 0/190 
9 0/12 0 
© min 


+2 O 


thermal! propertie 
* Data taken from reference 16 with temperature 
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Since the composition of the two plates was determined f 


are similar, it is not unlikely that the voltage and efficie 
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Fig. 5 Comparison of theory and experiment for thin plate 


ind their variations cles assumed as 74 and S5% 


would be the same." for the thin and thick plates, respec- 


input to the plates tively It is difficult to estimate the are 
efficiency: however, the trend from the 


ney The are effi thin to thick plate not unexpected 


Conclusions 


The main conclusions are as follows 


A theory of oving sources has 
heen developed to account for 
the variation of thermal proper- 


— --——THEORY FOR VARIABLE PROPERTIES } ties with temperature, 
THEORY FOR CONSTANT PROPERTIES he fact that the type of variations 


onsidered requires the thermal 
diffusivity to be constant appears 
to be of secondary importance for 
the considered 
The theory offers a useful and ac- 
curate meat obtaining the 
tribution in thick 


ature 
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WELDING THE CUPRO-NICKELS BY THE 
INERT-GAS-SHIELDED ARC PROCESSES 


Detailed information provided includes recommendations for filler 
metal, joint design, welding currents, shielding gas, 


operational techniques and mechanical properties of the joint 


BY L. H. HAWTHORNE AND R. F. BURTH 


ABSTRACT. The purpose of this paper 2 
is to provide detailed information perti- Table 1—Compilation of Chemical and Mechanical Requirements for the 70- 
nent to the welding of the cupro-nickel — 39 gnd 90-10 Cupro-nickels as Given in ASTM B 171-55 and Mil-C-15726A 


alloys by both the inert-gas-shielded 
tungsten-are and the = inert-gas-shielded (Ships) Specifications 


metal-arc processes 

the older 70-30) cupro ISTM-B 171 A (Shipa) 
nickel alloy has been welded quite satis 10) 70 30 
factorily by the metal-are process, but Copper 8605 min 65 O min Balance 65 0 min 
the new 90-10 cupro-nickel alloy which Nickel i 0 29 O45 20 0 32 0 
has been gaming in usage has pre wnted Iror 052.0 0 7 ma 7 0400 70 
some problem to fabricators because ol Omax 
the relatively higher thermal conductivit 

Zine 1 O ma 1 O ma | O man 

Lead ma 0 05m ) 0 O5 max 
Minimum tensile stre O00 0.000 15, 000 


Propet use of the recentl introduced 
70-30 cupro-nickel filler metal designed 
for use with the inert-gas-shielded ar 


provesses eliminates these difficulty is 


well as offering substantial ivirigs in the 


cost of fabricating these alloys : 

Recommendation for use of this filler Introduction fabricators Using 
metal for Iding the cupro nickels to The copper-nicke ill of the 70 rol \ re u ally forced 
themselves and to steel are outlined couted elec 


mer composition has long 
Complete details as to recommended 


joint design, welding irrent ‘melding been recognized for it resistance to manda welding op 
gas, operational technique ind the mn corrosion and eroston-corrosion 
chanical properties of the joint are in More recently a 90 copper-10 nickel } method of elding required 


cluded herein , allo has been «ce oped that has cor elu 4 no |, removal of spatter 

Procedure details tor variet com fey all 
mercial application are outhned in detail esistance general equal to or neatly 
in this paper anal itions better t} il} 


HH 1) cupro-nickel allo welded ods of welding which 
and R Burth are associated nd te 


Research Department, Reve pper over. because of the lower nickel con 


wred to the inert 


tutomatic of 


ippreciabl minutoma operation 


ty is unproved om fabricator were 


Fig. | Bend and tensile specimens of GSTA 104. Tensile Fig. 2 Bend and tensile specimens of GSMA 87. Tensile 

specimens failed at 43,600 and 45,000 psi (see Table 5) specimens failed at 45,700 and 46,200 psi (see Table 5) with 

with failure occurring in the weld. The base metal was failure occurring at the edge of the weld in the base metal 

90-10 cupro-nickel and in the base metal approximately | /, in. from the weld. 
The base metal was 90-10 cupro-nickel 
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Table 2—Chemical Analysis of 70-30 
Cupro-nickel Filler Metal Employed 
with the Inert-Gas-Shielded Arc 


Processes 
Klement % 
Copper 67 75 
Nic kel Balance 
Titanium 0 23 
Silicon 0 12 
Iron 
Manganese 0.77 
Aluminum 0 06 


able to employ these methods of welding 
using a Monel filler metal 

The use of 70-30 cupro-nickel metal- 
are coated electrodes presented few 
problems other than increased welding 
cost in the welding of the 70-30 alloy. 
However, because of the higher thermal 
conductivity of the 90-10 cupro-nickel, 
special techniques were necessary to 
produce consistently satisfactory joints 
in this alloy 

As a result, pressure was brought to 
bear on the producers of the cupro- 
nickel alloys and welding alloy suppliers 
to furnish a suitably modified rod and 


wire for use in welding the cupro-nickels 
by the inert-gas-shielded 
A wire of this type introduced early 
in 1955 was of a nominal 70 copper-30 
nickel and 
mended for use in welding both the 70 
copper-30 nickel and the 90 copper 
10 nickel alloys. 
This investigation 
to determine whether or not a welding 
alloy of nominal 70 copper-30 nickel 
composition would consistently produce 


CRSPR 


composition was recom- 


was undertaken 


welds of code quality in these mate- 
rials and in dissimilar joints between 
either of the cupro-nickel alloys and 


mild steel. 
Procedure 


Equipment 

A d-c rectifier 
HO0-cycle, with a welding current rating 
of 300-600 amp was used as a source of 
welding current for all experimental 
welding 

Recording volt and ampere meters 
were used to measure and record weld- 


welder, three-phase, 


ing currents and are voltages 

A consumable-electrode gun was used 
for all inert-gas-shielded metal-arce weld- 
ing. 


A 250-amp torch was used for al! 
manual gas-shielded tungsten-arc weld- 


ing 
Argon was used exclusively as the 

shielding gas with a standard argon 

flowmeter calibrated in cubic feet 


per hour. 

All of the equipment employed was ot! 
commercial design and modified in no 
way for laboratory work. 

Welding 

At the start of this investigation it was 
decided to produce a test 
welds in 70-30 and 90-10 cupro-nickel 
including dissimilar joints between these 
alloys and between each of these alloys 


series of 


and mild steel to ascertain whether o1 
not such welds could be qualified for 
ASME 
applications 

The test welds made during the course 
and 


4oiler and Pressure Vessel Code 


of this investigation were in |) ¢ 
thick 90-10 


ein. 


and 


70-30 alloy 


employing both inert-gas-shielded metal 


and tungsten-are processes 


Dissimilar 


*/ 


material between 90 


welds were also made in 
10 and 70 


30 cupro-nickel, 90-10 cupro-nickel and 
mild steel and 70-30 cupro-nickel and 
mild steel, 


Table 3—Summary of Joint Geometry Employed in the Production of Test Welds 


Weld Root Root 
identification Base metal Gage, in Joint design face, in space, in. Backing 
GSTA 103° 0-10 Cu-Ni Square butt None Grooved copper 
GSTA 104 O10 CueNi 60-deg included angle None Grooved copper 
GSTA 102 70.30 Cu-Ni Square butt None Grooved copper 
GSTA 100 70-30 Cu-Ni +/, 60-deg included angle None '/, Grooved copper 
GSMA 00-10 CueNi Square butt None Grooved copper 
GSMA 87 Cu Ni 60-deg included angle None Grooved copper 
GSMA &6 70-30 Cu-Ni Square butt None Grooved copper 
70-30 CueNi 60-deg included angle None Grooved copper 
GSMA &2 0-10 Cu-Ni 60-deg included angle None Grooved copper 
70-30 Cu-eNi 
GSMA 8&4 0) 10 Cu-Ni mild steel 60-deg included angle None Grooved copper 
GSMA 70-30 Cu-Ni mild steel 60-deg included angle None Grooved copper 
* The prefix GSTA indicates use of gas-shielded tungsten-are process 
t The prefix GSMA indicates use of gas-ehielded metal-are process 
Table 4—Summary of Procedure Details Employed in the Production of Test Welds 
Average 
welding 
Welding Filler Tungsten speed, 
Weld current, {re Shielding metal, electrode No. of ipm 
ulentification Base metal Gage, in amp voltage, v gas, cfh diam, in diam, in passes pass 
GSTA 108* 90-10 Cu-Ni 300/310 25 Argon, 30 5 
GSTA 104 90-10 Cu-Ni 300/310 25 Argon, 30 Pass No. 1, '/s, 6 
Passes 2, 3 
and 4 4/6 
GSTA 102 70-30 Cu-Ni 270/290 20 Argon, 30 5 
GSTA 70-30 Cu-Ni 270/290 20 Argon, 30 9/3 4 6 
GSMA &5t 00-10 Cu-Ni ® 280) 27/28 Argon, 30 is l 24 
GSMA 87 Cu-Ni 280) 27/28 Argon, 30 2 10-12 
GSMA 70-30 Cu-Ni 280 27/28 Argon, 30 24 
GSMA 80 70-30 Cu-Ni - 280 27/28 Argon, 30 V/s 2 12 
CGiSMA 2 &-10Cu-Ni, 70-30 Cu-Ni 280 25 /28 Argon, 30 18 
GSMA &4 00-10 Cu-Ni to mild steel ® 280 27/30 Argon, 30 ie 4 12 
GSMA 70-30 Cu-Ni to mild steel 280 25 /28 Argon, 30 12 


* The prefix GSTA indicates use of gas-shielded tungsten-are process 
t The prefix GSMA indicates use of gas-shielded metal-arc process 


pase welds were allowed to cool to below 212° F between passes 
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Direct-current straight polarity was used in all cases 
Direct-current reverse polarity was used in all cases 


All multi- 
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Table 5—Summary of Test Results 

Root 

Weld Ten if Fai ure as be nds 

de ntificalion Base metal strength, psi occurred in 2 

STA Cu-Ni 13,600 Weld OK OK 
15.000 Weld 

iSTA 104 10 Cu-Ni . 18. 800 Base metal OK OK 

S000 Base me 

i8STA 102 10 Cu-Ni is, mets racture occurret Ok OK 
50.800 Weld 

STA 100 70-30 Cu-Ni 50,700 Weld OK 
51,300 Weld 

iSMA Cu-Ni 13,000 Weld Ok OK 
17,100 Weld 

iSMA Cu-Ni 15,700 Base met: OK OK 

200 Jase me 

iSMA 70-30 Cu-Ni , 18, 300 Base mets OK OK 
50.600 Weld 

i8SBMA 70-30 Cu-Ni 52,000 Weld OK OK 
HOO Weld 

iSMA 2? to 70-30 Cu-Ni 50,100 OK OK 
50.500 

iSMA Cu-Ni to mild stee 51.000 o0-10 Cu OK OK 
51.800 oO-10 

GSMA 70-30 Cu-Ni to mild steel 56,200 70-30 OK OK 
56.300 70-30 


* The prefix GSTA indicates use of gas-shielded tungsten 
+ The pre fix GSMA indicates use of gas shielded metal-are 


t Dissimilar joints were tested with longitudinal bend 
§ Face-bend failure in GSTA 102 obviously occurred as 4 iit of ilty techniqn : wae not remade 


The material used, of both the 70-30 and tested to compile the information Mechanical Testing 
allovea. < cluded 1 118 por 8 ary 
and 90-10 alloy onformed to the included in this report \ summary of All test plates were cut to provide two 
chemical and physical requirements the information pertinent to Joint geom reduced-section-tensile, two face-bend, 
given in AS] M B 171-55 and \Mil-( 5 etry ¢ mploved in the produc tion of these 

ble 3 two root-bend pecimens and one 
15726A (Ships) specifications test wen S18 SHOWN IM 2 AE « metallographic section for macroscopic 
Table 4 is a summary of procedure 


Table 1 shows the chemical and me- examination 


details employed in the production of 
the test welds 
Inconsistencies noted in welding rod 


Che mechanical tests were conducted 
on 100,000-1b capacity testing ma- 


chanical requirements of these specifi- 
cations 


All inert-gas-shielded metal are welds chum n conjure tion W ith guided-bend 


diameter used in the gas-shielded tung 
were made using diam filler wire 


sten-are welds were due to availability testing jig 

All inert-gas-shielded tungsten-ar of material rather than optimum filler 
welds were made using '/.- and in metal addition characteristics Nor mandrel or roll whose diameter was four 
times the thickn of the specimen be- 


wm ASME pro- 


Che guided-bend tests were made on a 
diam filler metal in straight lengths mall welding re liameters are § 

Table 2 shows the analysis of the 70 lector if iller metal added at the ing 
30 cupro-nickel filler metal used in the rate of f rod per inch of weld or 


‘ 


experimental welding herein reported will produce t desired amount of immal ults is shown 


pitino i 


A total of 11 test plates was made t forcement or « 


Fig. 3 Bend and tensile specimens of GSMA 89. Tensile Fig. 4 Bend and tensile specimens of GSMA 84, Tensile 
specimens failed at 52,900 and 52,000 psi (see Table 5) with specimens failed at 51,800 and 51,000 psi (see Table 5) with 
failure occurring in the weld metal. The base metal was failure occurring in the 90-10 cupro-nickel. The base 
70-30 cupro-nickel metals were 90-10 cupro-nickel and mild steel 
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It should be noted in Table 5 that all 
tensile specimens made in */,in. 90-10 
cupro-nickel failed in the base metal, 
in some cases at considerable distance 
from the edges of the weld 


Tensile strengths in the welds made, 
employing 90-10 cupro-nickel as one 
of the base materials, averaged 47,900 
psi or approximately 120% of the 
strength required for qualification. 


Welds made employing 70-30 cupro- 
nickel as one of the base materials ex- 
hibited average tensile strengths of 51,- 
570 psi or 104% of the strengths re 
quired for qualification 


Etchant: | part Precision No. |, | part Etch No. 4, | part water. Mag- 
nification K7'/, 


Fig. 5 A cross section of weld GSTA 103 made in ' ,-in. 
90-10 cupro-nickel using the gas-shielded tungsten-arc 
process. This weld was made without edge preparation 
and was completed in one pass 


Etchant: | part Precision No. |, | part Etch No. 4, | part water. Mag- 
nification, X 5! 


Fig. 6 A cross section of weld GSTA 104 made in * ,-in. 
90-10 cupro-nickel using the gas-shielded tungsten-arc 
process. This weld was mode employing a 60-deg 
included angle and was completed in four passes. (Re- 
duced by ' » upon reproduction) 


Etchant: | part Precision No. |, | part Etch No. 4, 1 port water. Mag- 
nification X7'/», 


Fig. 7 A cross section of weld GSTA 102 made in ' ,-in. 
70-30 cupro-nickel using the gas-shielded tungsten-orc 
process. This weld was made without edge preparation 
and was completed in one pass 
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Etchant; | part Precision No. |, | part Etch No. 4, | part water. Mag- 
nification: X 5. 


Fig. 8 A cross section of weld GSTA 100 made in °* ,-in. 
70-30 cupro-nickel using the gas-shielded tungsten-arc 
process. This weld was made employing a 60-deg 
included angle and was completed in four passes. (Re- 
duced by ' , upon reproduction) 


Etchant; | part Precision No. 1, | part Etch No. 4, 1 part water. Mag 
nification, X7'/» 


Fig. 9 Cross section of weld GSMA 85 made in ' ,-in. 
90-10 cupro-nickel using the gas-shielded metal-arc 
process. This weld was made without edge preparation 
and was completed in one pass 


Etchant:; | port Precision No. |, | part Etch No. 4,1 part water. Maog- 
nification: x 5. 


Fig. 10 Cross section of weld GSMA 87 made in * ,-in. 
90-10 cupro-nickel using the gas-shielded metal-arc 
process. This weld was made employing a 60-deg 
included angle and was completed in two passes 
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Etchant 1 port Precision No | part Etch No. 4 part water Mag 


Etchant 1 part Precision No. |, | part Etch No. 4, 1 part water, Mag 
x7 


nification nification: X 5 


Fig. 11 Cross section of weld GSMA 86 made in -in Fig. 12 Cross section of weld GSMA 89 made in *  ,-in. 
70-30 cupro-nickel using the gas-shielded metal-arc 70-30 cupro-nickel using the gas-shielded metal-arc 
process. This weld was made without edge preparation process. The weld was made employing a 60-deg 


and was completed in one pass included angle and was completed in two passes 


T\ pical weld specimens made for this ketch No.4 Ne N 20 tom per pass 
investigation are shown in Figs. 1, 2, 3 Cro 
and 4, after mechanical tests were com liffic 
pleted diffieu ongitudinal or trans 

erse cracking occurred during the 
Metallographic execution of the root pa 

The metallograph ections taken A cros ection of this weld prior to 
from each test plate were submitted to Welding the application of a reverse side weld is 
the metallurgical section for examina In addition to the test welds described shown in Fig. 17 
tion All sections showed complete previou restrained o1 torture test While this investigation was in prog- 
absence of macroporosit veld ere ide between 90-10 cupro res the opportunit to set up weld 

Figures 5 through 15 are macrosec- nickel and steel and 70-40 cupro-nickel ing proce res on several types of joints 
tions of the test weld as indicated in ind steel This consisted of a l*¢ in ipro-nickel employing procedures 
the captions 14- x 14-in. steel plate cut and beveled r to the the production 

The etchant which was used by the to size so that a 7-1n. diam cupro-nickel ofthe test plats is encountered 
metallographic section for this investi plate could be welded into it, One ol Some typical examples of these ap 

gation is composed of | part each of these completed welds is shown in Fig plications are live. 1S through 
Precision No. 1, Etech No. 4 and dis If 24 

tilled water The composition of these These velds were made using these igure i eld ina ein, 
etching solutions ts as follows procedure detail 0 , Leg ste hich a butt 
Precision No. | Welding current, 270) 280 amip ome el ove i! oniplete pene 
| 120 cc concentrated HNO oltage, 24 trat the jount is required, Face 
80 ce 3607, CH,COOH Shielding gas, argon, 40 cll in} t we er ule ith the gas 
| 5 ce concentrated NH,OH Welding speed —Pa No. 1, 16 tpm helded metal ‘ ithout edge 
No. 2, 10-12 ipm; Passe preparation and the owing welding 


Etchont; | port Precision No. |, |! part Etch No. 4, ! port water. Mag Etchant | part Precision No. |, | part Etch No. 4, | part water, Mag 
nification: X 5 nification; X5 


Fig. 13 Cross section of weld GSMA 82 made between Fig. 14 Cross section of weld GSMA 84 made in */,-in. 


s-in. 70-30 cupro-nickel on the right and 90-19 cupro- 90-10 cupro-nickel on the right side and mild steel on the 
nickel on the left of the joint using the gas-shielded metal-arc left side of the joint using the gas-shielded metal-arc 

process. This weld was made employing a 60-deg process. This weld was made employing a 60-deg 
included angle and was completed in four passes included angle and was completed in four passes 
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Etchant; | part Precision No. |, | part Etch 
No. 4, | part water. Magnification X 5 


Fig. 15 Cross section of weld GSMA 
83 made in */,-in. 70-30 cupro-nickel 
on the left side and mild steel on the 
right side of the joint using the gas- 
shielded metal-arc process. This weld 
was completed in four passes. (Re- 
duced by '/» upon reproduction) 


procedure details were employed 


Joint design, square butt 

Backer, none 

Welding current, 400 amp 

Are voltage, 30 

(jas shield, argon, 30 cth 

Filler wire, '/,-in. diam 70-30 cupro- 
nickel 

Welding speed, 24 ipm 


The welding gun was attached to a 
variable speed travel carriage to ac- 
curately control the welding speed and 
the weld was made semiautomatically 
in one pass from each side 

Figure 19 shows four different joint 
designs which were required to fasten 
and shell 
by bolt ring 

The base metal is 90-10 cupro-nickel 
Weld No. 1 is a 60-deg groove weld 
No. 2 is a fillet weld between the '/,-in 
shell and the I'/~ by 1'/-in. bolt 
ring, No. 3 is a 130-deg fillet weld and 
No. 4 is a O-deg fillet weld 

These welds were made with the gas- 


sections to a 


shielded metal-are process and the fol- 
lowing welding procedure details 


Fig. 16 Restrained weld between 
x 7-in. diam 90-10 cupro-nickel 
plate and x 14- x 14-in, steel. 
Magnification X 0.2 

(Reduced by ' , upon reproduction.) 


100-s 
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Fig. 17 Cross section of weld shown 
in Fig. 16 prior to the application of a 
reverse pass. Magnification X 2'/» 
(Reduced by '/» upon reproduction.) 


Etchant; | port Precision No. 1, | part Etch 
No. 4, | part water. Magnification: X |! 


Fig. 19 Cross section of multiple 
joints made to join '/y- and '/>»-in. 
shell sections to 1' y- x 1'/.-in. bolt 
ring. (Reduced by '» upon repro- 


duction) 


Weld No. 1 

60-deg 
included 
angle 

Welding current, amp 300/310 

Are voltage, v 28 

Gras shield 

Filler wire 

Welding speed, ipm /pass 

Passes 


Joint design 


3 
150-deg 50-deg 
included included included 
angle angle angie 
300/310 300/310 400/310 
28 28 28 
Argon 30 cfh 


/vein. diam 70-30 cupro-nickel 


Is 12 


Travel speed was automatically con- 
trolled. 

Figure 20 shows another application 
and joint design in which the use of the 
gas-shielded metal-are process and the 
70-30 cupro-nickel filler wire success- 
metal 


fully made a good weld between 
thick 90-10 cupro-nickel 


base 


Etchant; | port Precision No. 1, | part Etch 
No. 4, | part water. Magnification: X 5. 


Fig. 18 Cross section of weld made in 
9O-10 cupro-nickel using the 
gas-shielded metal-arc process. This 
weld was made without edge prepara- 
tion and was completed in one pass 
from either side. (Reduced by '‘/; 
upon reproduction) 


Welding of Cupro-Nickels 


and a '/sin. thick 90-10 cupro-nickel 
backing strip. 

The requirements for this joint were 
that it have a backing strip of the same 
material (90-10 cupro-nickel) as the base 
metal and the weld be made in a butt 
joint with penetration of the weld into 
the backing strip since it was impossible 
to reweld from the reverse side 

The second pass in this application is 
not shown so that visual examination 
of the penetration of the filler metal into 


Etchant: | part Precision No. |, | part Etch 
No, 4, | port water. Magnification: X 5. 


Fig. 20 Cross section of the first pass 
of a weld made in ' ,-in. thick 90-10 
cupro-nickel against a ' ,-in. thick 
90-10 cupro-nickel backing bar using 
the gas-shielded metal-arc process. 
This weld was made employing a 60- 
deg included angle and was com- 
pleted in two passes. Note the good 
penetration into the backing strip. 
(Reduced by ' ; upon reproduction) 
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Fig. 22 A view of the typically uniform appearance of the 


Etchant: 1 port Precision No. 1, | part Etch No. 4, | part woter 
Magnification: X 2'/» 


Magnification: X 3 completed weld shown in Fig. 21 


Fig. 21 sin, thick 90-10 (Reduced by ' » upon reproduction) 


process. 


Cross section of a tee joint in 


cupro-nickel using the gas-shielded metal-arc 


Weld was made without edge preparation and was com- 
pleted in one pass on each side of the upright member of 


joint (Reduced by ' » upon reproduction) 


the backing strip can be more easily 
observed 

The welding procedure details for this 
application are as follows 

Travel speed was automatu ally 


trolled 


Joint design, square butt with 
root space 

Backer, '/j-in. 90-10 cupro-nir 

Welding current, 310/320 amp 

Are voltage, 28/29 

Gas shield, argon, 30 cth 

Filler wire, '/j-in. diam 70-30 cupro- 
nickel 

Welding speed, 25 ipm / pass 


Passes, 2 


Figure 21 shows the use of tee 
joint in 90-10 cupro-nickel plate */ «in 
thick 


shows the good penetration of the base 


The cross section of the tee joint 


metal 
Figure 22 shows the ty pr ally uniform 
appearance of the completed welds 
The gas-shielded metal-ar 


process 
and the following welding procedure 
details were employed to make these 


fillet welds 


Fig. 23. Manner in which the equipment was employed to 


sutomaticall 
controlled 


Joint design, tec 

Welding current, 200, 300 amp 
Are voltage, 30 

hield, arg 

Filler wire diam 70-30 cupro 
nickel 

Welding speed, 12 ipm 

Pass l 


\ further example of the advantages 

hielded metal-are welding and 
the adaptability of equipment ts hown 
in Fig. 23 This shows a 90-10 « 


nickel tube sheet ready for welding to 


upro 


a steel bolt flange 
In this case 


arc equipment Was I wunted on a cutting 


the gus-shielded metal 


machine which employs 
r and i 
This yoint wa 


joint u ed in the circular or restrained 


pattern to do } ite 


cutting imilar to the 


joint’ previousl described and was 


sutomaticall le in a similar man- 


ner requiring ut es as belore 


Figure 251 xograph of a one 


cupro-nickel which 


weld in 


Fig. 24 


automatically weld a joint of irregular shape 


Avaust 1956 


Hlau thorne 


Burth 


Ws lding of Cupro Vickel 


hielded metal- 
ly sutomate 
equipment his late was macle 
in il ; ipro-nickel without 
edge preparation 
Che following procedure details were 
emplo ed 
Welding 
Are voltag 
Shieldi 


We peer 


current, 500 amp 


Discussion 

During the course of this investiga- 
tion of the ipro-nickel welding 
,r either of the gas- 


wire 
shielded int pro ‘ it was sscer- 
tained through the su 
tion of the 11 test ld 


itisfactory filler metal for welding the 


‘ aful produe- 
that this is a 


70-30 and 90-10 cupro-nickels 
we than satis- 
tensil treny usually ob- 
tained fron Hlowever 
winted that tensile 


ittained in specimens GSTA 


strength 
102 and GSMA &S6 are lower than re- 
toiler and Pres- 


Welding Qualifica- 


quired 
sure Vess 
tion 

However failure oecurred 
ile of the weld 


makes a tensile 


Welding in progress 


based 
ae 
4 = Ry? 
107-8 
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strength of not more than 5°), below 
the minimum tensile strength of the base 
metal satisfactory for qualification, the TEST PLATE 
strengths obtained are acceptable 
Inasmuch as the minimum tensile 
strength required of the 70-30 cupro- 
nickel is 50,000 psi and the permissible 
5% below that figure would make the 
minimum tensile requirement 47,500 i 1 co; Ni 2 
failure occurs in the base metal, GSTA 
102 at 48.800 psi and GSMA at 48,600 
psi would easily qualify 
The '/¢in. gage cupro-nickel in all Fig. 25 View of an exograph of a weld in 70-30 cupro-nickel using the gas 
test welds consistently produced tensile shielded metal-arc process. This weld was made without edge preparation and 
strengths lower than comparable test was completed in one pass 
welds in the */s-in. eupro-nickel. It is 


echanica yroperties when used wit! 
therefore, believed that the wider area mechan sehiettan : 


ither of the gas-shielded ar 
of dendritic structure and possible grain either he inert-ga 


growth in the '/-in. cupro-nickel caused 
by the greater heat dissipation into the 


Processes 
2. This filler metal will produce 
equall satisfactor welds in either 


porportionately wide weld in the thinner psa ie 
70-30) cupro-nickel or 90-10) cupro the following Research Dep 


material resulted in rapid necking down 
of the tensile specimens in this dendritiv 
area accompanied by consistently lower 


nickel. It is also suitable for welding sonnel who contributed their eff 
=e allo ~ ‘ ( 
these alloys to each roy ind will a the development of thy 
satistacto betwee ‘ithe 
tensile strengths than those obtained orn ry j re ‘ either ty 
in the */,-in. eupro-nickel. of these alloys and mild stee 
4 No special techniques ire required 
Conclusions therefore, welding procedures used with | Destito 
1. Filler metal of substantially the this filler metal are uncomplicated H. VanDeMark 
chemical com position shown in Table 2 } festrained joints can be satisfac R i Habn 


will produce sound welds having good torily executed between cupro-nickel and 
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